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PREFACE

The objective of this basic research program is to demonstrate
the feasibility of an advanced archival memory system capable of
permanent storage of data on solid planar media with 0.1 micron bit
spacing and 10 MHz read and write rates. The eventual goal of this
program is the construction of low-cost memory systems of 1015-1016
bit size with megabit per second data rates and fast access times.
The data will be stored on semiconductor target plates by permanently
altering the electrical conduction properties of a small region
(bit site). This will be accomplished by striking the target with a
high-current focused electron or ion probe. The bit pattern is read
by injecting charge into the target using a focused electron probe,
and the resultant current is amplified by a diode field structure
integral to the target. The modulation of the current through this
diode as the electron beam moves from one bit site to another
provides the read signal.

This report covers the effort for the last seven months of 1977.
It is the first report in Phase 1I of this program. Phase I was
covered in Reports AFAL-TR-76-213, AFAL-TR-77-35, AFAL-TR-77-157,
and AFAL-TR~77-202. In this reporting period effort on the pro-
gram has been concentrated on an ion-implantation-based storage
concept. Beam and target systems have been developed in parallel.
Also, alternative data storage approaches have continued to be ex-

plored, and overall systems applications have been studied to
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provide guidance regarding the important technical parameters.

The high current writing station appears feasible, and detailed
design and construction were begun. However, the ion implant target
bit packing density appears to be limited to 0.25 microns under best
conditions, and to about 0.40 microns with presently available ion
sources. The system applications study indicated that, if the
technical goals of the program are met, this system should have

superior price/performance features to all identified competitors.
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SECTION I

INTRODUCTION AND SUMMARY

The results of the first seven months of Phase II of the Ad-
vanced Archival Memory Program being conducted by General Electric
Corporate Research and Development are reported here. The objec-
tive of this phase of the program is the demonstration of an arch-
ival memory system capable of permanent storage of data on solid
planar media with 0.1 micron bit spacing and 10 megabit write and

read rates. The eventual goal of this program is the construction

of low cost memory systems of 1015-1016 pit size with megabit/
second data rates and fast access times.

The data are stored on semiconductor target plates by perman-
ently altering the electrical conduction process of a small (bit
size) region. This is accomplished by striking the target with
a high-current focused electron or ion probe. The bit pattern is
read by injecting charge into the target using a focused electron
probe, and the resultant current is amplified by a diode field
structure integral to the target. The modulation of the current
through this diode as the electron beam moves from one bit site to
another provides the read signal.

In this reporting period, work has primarily been directed to

demonstrate an ion-implantation based system. This system was
chosen at the end of Phase I as being the most promising, since it
appeared capable of the required resolution and was the most highly
developed of the methods considered. Parallel studies were con-

ducted of the ion implant target and of the ion write column. 1In




addition, a study was made of the parametric characteristics of
possible memory system applications. These three topics are dis-
cussced in this report. Also, studies have been continuing at a
low level on systems which would use an electron beam for both
reading and writing. The results of that work will be presented

in subsequent reports.

ION IMPLANT TARGET

At the end of Phase I the status of the ion implant target
development was: (i) Diode readout had been demonstrated from
0.1 micron isolated features. (ii) 0.25 micron bit spacing was
projected with improvements down to 0.1 micron considered likely.
(iii) The demonstration conditions for the high resolution writing
were high ion fluence (1013 cm™2) and high ion energy (145 kev xet).

From the data now available for gas ionization sources and ion col-

umn design parameters, these ion fluence and energy demonstration

conditions are not obtainable for 10 Mbit/sec writing rates.
Figure 1 shows the format for both the theoretical and exper-

imental studies. Two types of bit patterns are studied: The iso-

lated written and unwritten areas. Each of these patterns can be

described by a single feature or pattern size parameter W. In the
case of focused ion beam writing, W is identified with the bit

spacing. This identification is exact if the ion beam spot size

and the bit spacing are each equal to W. For the Cr pattern exper-
iments, W is the size of the hole in the Cr film or the size of
the island of Cr. From the readout gain measurements, isolated
bit gain plots are determined as indicated in Figure 1. The cross-

ing point of these two curves serves as a good estimate of the
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minimum achievable bit spacing. This can be seen from the follow-
ing argument. If a simple level detection data recovery method
were utilized, then the crossing point represents the minimum bit
spacing achievable (if the signal-to-noise were infinite), and
there were no other noise sources such as target defects.

Target development during Phase II was directed towards three
principal problems:

(i) 1Isolated unwritten area disconnect. Figure 2 shows the

measured data for isolated written and unwritten bar and dot pat-
terns for one of the best samples from Phase I. Note that the
gain for the isolated unwritten dot patterns is much lower than
for the bar patterns. This is apparently due to an electrical

isolation of the unwritten region from the remainder of the diode

and the contact. This problem was alleviated by the use of deeper
nt or p* layers and, in some cases, a lightly doped transition
region to the diode junction (n*np of p+pn structure). Figure 3
shows a typical result from Phase II indicating that the disconnect

effect has been eliminated by these deeper layers.

(ii) Low voltage breakdown diodes. High voltage (V100 V)

diodes are required to reduce the electrical capacitance which de-
grades both the frequency response and the signal-to-noise. This
situation was improved by the n*np structures, which separate the
diode junction from the heavily damaged ion implanted region of

the n* or pt layer. Diodes with breakdown voltages out to 100 volts
have been achieved by this method.

(iii) Disagreement between theory and measurements. At the

end of Phase I, the predicted target performance showed discrepancies
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with the measured data for both isolated written and isolated un-
written areas (Figure 4). Because of the disconnection effect,
the agreement between theory and measured results for the isolated
unwritten areas was poor. When the disconnection effect was elim-
inated (as discussed above), however, a significant disagreement
still remained.

The residual disagreement for the unwritten areas was shown
to be due to defect tailing. Figure 5 shows three possible damage
profiles due to the writing ion beam. For 40 keV Ar*, a gaussian
profile as indicated by the dotted curve would be expected, based
on the calculations of Brice. Brice calculated only the generation
profile of the defects. Extensive experimeﬂts during Phase II
demonstrated that this profile could not be used to explain the
ion-writing behavior of the targets. Figure 6 shows three model
fits of the l-dimensional gain model developed during Phase I to
a set of experimental writing data using the three damaged profiles
shown in Figure 5. Only thelsolid curve labeled "best fit" pro-
vides a reasonable fit to the data. This type of damage profile
may arise from the generation of defects according to the Brice
calculation and subsequent diffusion of these defects from the
damage tail. The effect of this "defect tailing" is to reduce
the isolated unwritten gain as shown in Figure 7.

As is shown in Figure 4, the predicted normalized gain for
isolated written areas is somewhat lower than the experimental
data. The discrepancy may be due to anomalously large skirts on
the spot probe of the SEM; the discrepancy could not be caused
by defect tailing. These studies will be continued, since they

are relevant to all electron-beam readout techniques.

7
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The status of the expected bit packing density for the ion
written archival target is summarized in Figure 8, which is a
plot of the isolated written and unwritten readout gain versus
pattern size based on the most recent experimental data and modeling
of the target. The pessimistic projections are based on the ex-
perimental data, while the optimistic projections are based on the
model predictions; which is justified if the disagreement between
theory and experiment is due to a residual measurement problem
such as a large reading electron beam spot size. The curves
labeled "light" are for the lower ion fluences consistent with
the present gas ionization source. The scatter in this region is
probably even larger than indicated since the writing efficiency
depends on the ion energy, species, and substrate. Since the
crossing point of these curves is identified with the bit spacing,

it is seen that the most serious limitation of the achievable

packing density is the ion source. Lower writing rates or the
development of a brighter source such as the liquid metal source
would permit operation down to about 0.25 micron bit spacing (cr
less 1f the more optimistic projections are met).

ION IMPLANT COLUMN

During this contract period the optical design of the ion
writer has been completed using new ion gun parameters and target
requirements. A method of comparing lenses and effectively opti-
mizing lens and gun parameters for a maximum current density ion
probe was developed. Applications of these techniques have re-
sulted in two possible column designs. One is an Xet ion column

with 60 kV landing potential and capable of a 10 megabit writing
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fluence of 6.34 x 1011 ions/cmz. The other is an Ar* ion column
with 30 kV landing potential and capable of a 10 megabit writing
fluence of 3.73 x 1011 ions/cm2.

Both column designs result in extremely short final lens
working distances and therefore require pre-lens deflection sys-
tems. Using a simple model for the pre-lens deflector, a method
has been developed to evaluate pre-lens deflection systems in
terms of their first order optical properties. This model will
be used in the next period of this contract to narrow the field
of potential deflection system candidates. The final deflection
system will then be evaluated and selected with more extensive
analytical techniques. :

Based on the lens designs and preliminary deflection consid-
erations a rather compact column of less than a foot in length
from source to target plane appears feasible. 1In spite of the
fact that the final deflector is not completely designed, much of
the hardware at this point can be committed to construction, since
the lens to lens spacing is not critical for the two lens colli-
mated column design.

SYSTEM APPLICATIONS STUDY

A series of design models was used to compare the expected

prices and performance features of two different systems based on
the GE Advanced Archival Memory (AAM) technology with a system
based on optical disk media and a system based on magnetic tape
cartridge media, as they might appear in 1985. The AAM models are
not dependent on the physical mechanism for bit writing, i.e., they

apply for either ion or electron writing methods.

14 |
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Three models of application demands were postulated: (1) Image
storage and processing; (2) time-sharing system with high access
rate, and (3) library retrieval system. The results of the com-
parisons are dependent on the number of usable bits stored on the
media plates. AAM systems with small (7 x 1010 bit) plates showed
better price/performance features than tape-cartridge systems,
and price/performance features comparable to those of optical disk
systems for file sizes above about 1013 bits in all cases. AAM
systems using the "large" (1.5 x 1012—bit) media plates showed
better price/performance features than all other systems for all
applications at file sizes above 1013 bits.

In the report which follows, Sections II-V discuss the ex-
perimental and theoretical analysis of the bit density of the ion
implant targets. Section VI presents the design of the ion write
column optics, and Section VII gives the results of the applica-
tions study. Finally, three appendices give the details of the

targets and their fabrication processes.

15
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SECTION I
DEFECT PAILING IN ION IMPLAN ‘PARGETS

Defect tailing was discovered during the first part of Phase
I1T. Two different experimental techniques show that the defects
generated by the writing ion beam in silicon diffuse about 0.1
microns in depth (and probably laterally) during or shortly after
the writing process. Since these defects are responsible for the
readout modulation of the target, this phenomenon affects the bit
packing density limit of ion beam written archival targets. New
target structures have been designed to achieve optimum perfor-
mance in the presence of defect diffusion. These structures have
been fabricated and evaluation of their performance is in progress.
It is now estimated that defect diffusion will limit the bit spac-
ing to 0.2 micron or 2.5 x 109 bits/cmz.

A. Calculation of the Damage Depth Profile

We consider first the depth profile of the ion beam generated
defects. When a high energy ion is stopped by a substrate, energy
is lost through two processes: nuclear scattering and electronic
scattering. Only nuclear scattering produces damage (defects)
through the displacement of the substrate atoms. In the present
analysis, it is assumed that the distribution of generated defects
is equivalent to the distribution of the energy lost to nuclear
scattering events. This is a simplification for several reasons.
First, the types of nuclear scattering events that occur near the
surface are different from those that occur deeper inside the sam-
ple, since the average ion energy is larger near the surface.

Hence different types of defects and a different production rate




might be expected near the surface. Second, materials-related

effects, such as the interaction of the defects with the sample
surface and with chemical impurities or defects, may vary as a
function of depth. At higher ion fluences, interactions with
other defects will also be important.

The distribution of incident ion energy into nuclear scatter-
ing events as a function of depth has been calculated by Brice [1].
The distribution of the incident ions as a function of depth and
energy is first constructed. This is then integrated to give en-
ergy loss distributions. For low ion energies, this model may be
improved by including the effects of recoil silicon atoms, which
produce damage at some distance from their point of generation.
At low incident ion energies the range of these secondary ions is
a significant fraction of the range of the incident ion. For ex-
ample, for Sb ions incident on silicon at 100 keV, the projected

range R, of the Sb is 4505, while the average projected range of

P
the recoil Si ions generated near the surface is 180A. Brice in-
cludes this recoil correction by incorporating average moments of
the silicon recoil damage in the integrals for the damage distri-
bution.

Using this method Brice has calculated the damage density Qp
for the common dopant ions in silicon (B, P, Sb, and As)[l]. For

atomic numbers in the range of 15 to 51 and energies in the range

10 to 100 keV these results can be well approximated by a gaussian:
z-d_\2 &
exp adsy ol dp = 0.65 Rp (1)

o
P
op 0.6 Rp_
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Figure 9 compares this gaussian to several results from Brice.

The fit is quite good in the regions of present interest, although
at higher energies, expecially for the low-Z ions, the damage den-
sity is far from gaussian. In Figure 10, the normalized damage
density Qs Rp/Eo is plotted against the normalization constant

(ED/Rp' where E_ is the total energy deposited into damage). ED/Rp

D
is approximately independent of ion energy over wide ranges for
any incident ion. Figure 10 shows the dependence of ED/Rp on in-
cident ion atomic number (Z) for a silicon substrate for several
ion energies, which may be used for comparing the expected defect
generation rates for different writing ions and energies. Because
designs for ion written archival target use fixed damage writing
depths, it is more relevant to plot ED/Rp for constant Rp. Since
the energy dependence is small these curves are very similar to

Figure 10. Such a plot is shown in Figure 62 of Section V.

B. Measurement of Defect Tailing in Flat Profile Targets

The writing ion beam produces defects over its entire path.
The maximum damage rate will occur at a depth ~ 0.6 Rp where Rp
is the mean writing ion range, as discussed in detail below. The
modulation of the readout signal from the target depends on the
increased carrier recombination caused by these generated defects.
If the defects move or diffuse after their production, then the
region of high recombination rate will be larger than expected.
While this effect was first observed with archival target struc-
tures, the interpretation and analysis is simpler for some later
experiments done on flat profile diodes. Hence these experiments

will be discussed first.
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The processing steps for the flat profile targets are shown
in Table I. This is very similar to the processing for the AR-1
lot described in the Fourth Quarter Interim Report, except that
Pt ion implantation at 80 keV was used, followed by a long, high
temperature drive (75 min. at 1100°C in steam) to achieve a flat
doping profile. These targets, which are designated by 107-, 108-,
or 109-, all have a doping profile as shown in Figure 11.

Figure 12 (Figure III-1 from the Second Interim Report) shows
a profile determined by anodic oxidation and stripping for 1014
cm~2 Pt at 100 keV annealed at 770°C for 1 hour in Ar. Note that
the doping profile is nearly flat out to 0.3 microns. The pro-
jected range for P at this energy is 0.12 microns. No diffusion
of the P would be expected at this temperature based on the stan-
dard P diffusion rates. This anomalous behavior for P' implants
is fairly well-known and it is the reason that Pt implants were
not used for the fabrication of Archival targets. The range (Dt)
for the 75 minute drive at 100°C is -~ 0.4 microns. This amount
of diffusion added to the profile in Figure III-11 of the Second
Interim Report produces a profile approximately shown in Figure 11l.
The profile was also studied using CV and 4 point probe measure-
ments. Since an oxide is grown during the anneal of the Pt im-
plant, MOS dots can be formed on the target after anneal without
disturbing the doping distribution. Capacitance-voltage measure-
ments of the high frequency depletion and accumulation capacitance
yield a measure of the doping density near the oxide interface.

Measurements of this type give doping densities near the surface

22
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for these targets of 3.5 x 1015 cm3. Four point probe measurements

of the sheet resistance of the entire P layer yield 22,200 :/O.
These data can be fit by an approximately rectangular doping dis-
tribution of 3 x 101% cm~3 0.8 microns deep in agreement with
Figure 11.

‘ Electron beam meésurements of the junction depth, as described
later in this section, yield a junction depth of 0.9 microns, again
in good agreement with Figure 11.

A cross section of a flat profile target after ion beam writ-
ing is shown in Figure 13. Since the doping profile in the n-layer
is nearly flat, the modeling of the motion of the electron-beam-
generated carriers is less complex than for archival type targets.
A schematic damage distribution due to the writing ion beam is
shown in the lower part of the figure. Damage is represented by
1/, where 1T is the local lifetime in the material. In the simplest
model Tal/NT where Np is the defect density. The actual 1/1 dis-
tribution can be approximated by the box distribution shown in
Figure 13 where Tp is the depth T = Tp. 1, is a threshold recom-
bination which is the recombination level that has a significant
effect on the output gain from the target. As discussed in a
later section 1p = T02/2.SD. The effect of the recombination
distribution shown by the dotted line on the target gain can be
calculated using the niodel shown in Figure 14. Here the region
for z > Tp is completely dead, i.e. all carriers generated in
this region recombine and are lost to the diode signal. An inter-
face at z = Tp is inserted with a recombination velocity SV = 0.75

x 107 cm/sec which is the maximum rate at which carriers can be

25
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collected by a carrier sink such as the high recombination region.[3]

The diffusion equation for the motion of excess minority carriers

can be solved.

The collection probability P(z,) is given by:

s
1l + _DY_ (Zo-To) P(Zo) =032 < TD
P(z)) = Tp <2 <W (2)
1+ Sv (w-Tp) P(Zo) =12 >W
D

The distribution of electron beam generated carriers in the target

is given by g(2)

(see Reference 4).

‘I FRTSTSE RIS 1 e L

JgE >
ZH =
92) =g e rm (/R (3)
The electron beam gain (G) is then obtained from:
G, = 3= of 9(2) P(2) (4)
B D
and the collection efficiency from:
n = G/(EB x (1-F)/3.65) (5)

where Eg is the beam energy and F is the energy backscatter frac-

tion. For silicon F 0.08. Figure 15 shows the result of this

calculation for Ty ™ 0.9 microns compared to experimental data.

The sets of points correspond to different 30 keV ArY ion writing
fluences on flat profile targets from group 107. Note that the
fit is good despite the approximations made in the recombination
p can be de-
Assuming that the shape

distribution. From this comparison to the model, T
termined for each writing ion fluence.
of the recombination distribution does not change with ion fluence

(Fs), i.e.

1/t = £(2) FI, (€)
LT T e (7)
M D1 Il
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where Tp1 is the best-fit dead layer thickness for writing ion
fluence FIl from a plot such as Figure 15. Generally the best
results should be obtained if Tp is determined for efficiencies
in the range between 0.05 and 0.15. At low beam energies and
efficiencies, effects due to the recombination profile, approxi-
mations will be most apparent; while at higher energies and effi-
ciencies errors due to poor diode quality and errors in beam vol-
tage and gain measurements will be most apparent.

Figure 16 shows such a plot of the recombination profile based
on Egs. 6 and 7 and derived from the data of Figure 15. (Fe/F)
is plotted instead of F-1l. Fe is the experimental writing ion
fluence, which reduces the 2 keV electron beam gain by a factor
of e-l. This provides an approximate normalization to the recom-
bination distribution such that it should be near 1 at small z.
The solid curve labeled "Brice" is a calculation of the energy
delivered into atomic displacement collisions. This should rep-
& resent the recombination distribution if:
1) The defects do not move after generation.
2) The defect population as a function of depth is constant.

That is, if there is more than one type of defect, then the genera-

tion rate of each type of defect as a function of depth is constant.
3) There are no saturation effects (e.g. change in the Fermi
level due to carrier trapping at some defects) which would invali-
date the approximation 1/1d a defect density.
The relative normalization of the Brice model and the measured
recombination profile is somewhat arbitrary, although Figure 16

should be approximately correct. The result of Figure 16 is modeled
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using the idealized distribution shown in Figure 17. This recom-

bination distribution is used in the one-dimensional gain model
described in Section III of the Phase I Fourth Interim Report.
Only the ion energy and species is required to determine the Brice
curve, since the slope of the damage tail is determined from the
experimental data. The intercept of the damage tail at z = 0 as
shown in Figure 17 defines the relative normalization of the Brice
model and the experimental data. The use of Fe to normalize the

data provides an approximate determination of Rp. Using R, = 0.5,

T
Figure 18 shows the model fit to the experimental data shown in
Figure 15. The fit is very good. Note that for each factor of
ten increase in writing ion fluence, the peak recombination re-
quired to fit the data also increases by a factor of ten. The
fit to this model is improved over that of Figure 15 which is
based on the simpler abrupt recombination distribution. The good
fit obtained in Figure 18 indicates that this experimental method
for determining the damage tail does yield a good approximation to
the slope of the tail.

Figure 19 demonstrates the sensitivity of the fit to Rn or

the relative normalization of tHe Brice model and the damage tail

(R,,). Shown is the calculated efficiency for the same target

T

structure for R, = 0.25 and 1.0. For large rp the differences

»

are small because all of the significant recombination is occur-

ring in the Brice region. For smaller T differences begin to

pl
appear because now recombination is occurring also in the tail
region. With the present range of data, either of these values

of R, fit equally well. Hence the value of Rp should be considered

'
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Figure 17. Definition of Parameters Used to Describe
Idealized Damage Profile with Defect Tailing
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Figure 18. Fit of Data From Figure 15 to Complete l-dimensional
Model (Tny=0.9 micron) Using Defect Damage Distribu-
tion Corresponding to_Solid Line in Figure 6 (Rp =

0.5, Bg = 3.7x10° cm-1, Ry = 0.03 micron)

34 !

T R S -




uncertain within about a factor of 5. It is difficult to deter-
mine RT precisely by the method just described because in the low
fluence range, the gain or efficiency is strongly surface recom-
bination velocity sensitive. Thus effects due to subtle changes
in RT would be masked. This problem does not apply in the high
fluence region since the damage near the surface is so great that
the effect of the surface recombination is eliminated.

Figures 20 through 22 show similarly determined recombination
tails for other energies and ion species. The relative normaliza-
tion of the Brice model and the experimental points are done by
the same Fe method and should be considered only an approximation.
The Brice model is included in these figures primarily to compare
the shape of the defect generation curve profile to the measured
recombination profile.

There is a great degree of similarity between the four mea-
sured damage tails. The damage tailing is greater for higher ion
energies. The projected ion range appears to be the controlling
factor. Both Ar' at 30 keV and Xxe' at 60 keV have the same pro-
jected range of 0.03 microns and both have the same damage tail.
Kr+ at 110 keV and Ar+ at 60 keV have the same projected range of
0.06 microns and the same amount of damage tailing.

Figures 23 and 24 show fits to the experimental data using
the damage tailing determined i.e. from Figures 21 and 22 respec-
tively. For both cases the model uses a uniform n-layer of depth
0.8 microns Bg = 2.2 x 10° em~! and Ry, = 0.5. Again the fit is

good with the peak recombination decreasing inversely as the

writing fluence.
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Complete One-dimensional Model (Ty = 0.9 micron)
Using Damage Distribution Shown in Figure 22 (Rp =
1.0, Bg = 2.2x10% cm~1 and Ry = 0.06 micron) Com-
pared to Experimental Data from Writing Series
110-5 Written with 60 keV Ar* at Indicated Fluences
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All of the measurements described up to this point have been
on flat profile targets with low doping levels. An important ques-
tion is the degree to which this same phenomenon occurs on archival
type targets with heavily doped nt or p+ surface layers. However,
the behavior of these targets is difficult to model. Figure 25
shows schematically the typical doping profile on the archival
targets. There is a heavily doped nt layer near the surface some-
times followed by fairly flat and more lightly doped region. Three
distinct types of operation with damage writing will be seen on
these targets. If the depth of the damage writing TD is well con-
tained within the nt region (TD << W2) essentially normal operation
is observed. If the extended flat doping region is not present,
and the damage penetrates through the nt region (TD > wl, wl = w2)
into the diode, almost no effect is observed except for some subtle,
but important, effects, which will be discussed later. If the flat
doping region is present and the damage penetrates through the nt
layer, then the behavior of the electron beam readout changes dra-
matically from what is typical of a target with a strong doping
gradient to one with no doping gradient. This alters both the gain
and the bit packing density severely. It was in the third case
that the effects of defect diffusion were first noted. Using the
data from the flat profile targets, it is now possible to show that
a similar amount of defect diffusion was occurring in all three
target struc.ures. This will be illustrated by both model experi-

mental data in this section.

C. Observation of Defect Tailing in NtNp Targets

Experiments were conducted on n+np targets with doping pro-

files as shown in Figure 26. The nt part of the profile is
42
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Profile Target Previously Fabricated Pt 9 Implan-
tation and Diffusion.
oxidation profile in Figure 15 of Fourth Quarter
Phase 1 Report.
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fabricated by 100 keV ast implantation through 8008 of oxide into

previously processed pt implanted flat profile targets.

| MODEL PREDICTIONS

Figures 27 and 26 show the one-dimensional model prediction
of the writing behavior of a target with the doping profile shown
in Figure 26. The damage profile used is a gaussian with cp and
d_ as defined in Figure 17. Figure 27 shows the predicted effi-

P
ciency versus electron beam energy for R_ = 0.025 microns. This

p
is contrasted with Figures 28 and 29 for Rp = 0.05 microns. 1In
all cases there is no tail on the damage profile. The large dif-
ference in the collection efficiency is due to the penetration of
the damage into or near the flat profile region. This penetration
provides a clear signature of writing which passes into the flat
profile region. Other model simulations show that, for the doping
profiles used here, the maximum damage depth TD must be at least

0.05 microns less than the flat profile region (wl) to give the

type of behavior shown in Figure 27.

To place these results in perspective it is useful to discuss
two simple limiting case models, as shown schematically in Figure
30. For model A, the built-in electric field is so strong that
carriers generated beyond the damaged or written region (cross-
hatched region) have unity collection probability. Model B is the
one used above to analyze the flat profile targets; (see Section II,
e.g. [1l]) it corresponds to no built-in electric field. Figures

31 and 32 show the calculated collection efficiency versus beam

energy for these two models. Model A (Figure 31) is independent
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Figure 27. Complete One-dimensional Model Calculation of Collection

Efficiency vs Beam Energy with Maximum Recombination Tt

as a Parameter. Doping profile as shown in Figure 16
with Ty = 1.0y and Sy = 10° cm/sec. Gaussian damage pro-
file based on Brice as shown in Figure 17 with Rp = 0.025
micron and no tail.
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Figure 28. Complete One-dimensional Model Calculation of Collection

Efficiency vs Beam Energy with Maximum Recombination Tt

as a Parameter. Doping profile as shown in Figure 16
with Ty = 1.0, and Sy = 106 cm/sec. Gaussian damage pro-
file based on Brice as shown in Figure 17 with Rp = 0.05
micron and no tail.
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Figure 29. Complete One-dimensional Model Calculation of Collection

FERITIES St A -

Efficiency vs Beam Energy with Maximum Recombination Tp
as a Parameter. Dopirg profile as shown in Figure 16
with Ty = 1.0y and Sy = 106 cm/sec. Gaussian damage pro-
file based on Brice as shown in Figure 17 with Rp = 0.075
micron and no tail.
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of the diode junction depth. Model B is shown only for a junction
depth W = 0.8 microns which is typical of most of the flat profile
targets studied. Note the large differences between the behavior
of model A and B. The lower efficiency for model B is due to re-
combination at the damaged layer which occurs because of the lack
of the built-in field. The thickness of the n-layer is also impor-
tant because, for thicker n-layers, more recombination can occur
at the surface before the carriers are collected by the junction.
Comparison of experimental data with these two models indicates
whether the target is operating near one of these two limiting
cases. When the data fit a model prediction, that model can be
used to compute the approximate writing depth from the efficiency-
versus-beam energy data. This procedure is most effective for
model B, which can often be well represented in practical samples.
Model A is an idealization which is not achievable in practice,
since there is always some diffusion of carriers back to the dam-
aged region.

Also note the strong similarity between the Ty = 0.05u curve
in Figure 27 and Figure 31, and between Figure 32 and the small 1,
curves in Figure 29, Figure 30, and Figure 27. This demonstrates
explicitly the effect of writing depth on target operation. The
maximum writing depth using the Brice model is about 2.0 Rp, so
that in Figure 27 the maximum writing depth is about 0.05 microns,
which is well within the n% region. For Figure 29 the maximum
writing depth of 0.15 micron just reaches the flat profile region,

so that model B (Figure 22) is well approximated. 1In Figure 28
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for the higher values of peak recombination (Tp ~ 10-ll sec), the

written target behaves like model A with the damage well contained

within the n' region. At smaller Tp. the target behaves like
model B.
Figure 29 shows this transition more clearly. For t1_ = 10—12

P
sec, two break points in the efficiency curve can be distinguished.

The low gain below 2 keV is due to the heavy damage for depths

< 0.05 microns. (The Grun electron range at 2 keV is 0.07 microns.)
The behavior between 2 and 4 keV is due to a moderate level of dam-
age in the nt region near the flat profile region but still within
the nt region. This rapidly increasing efficiency versus beam en-
ergy is characteristic of model A. (The electron range at 4 keV

is 0.2 microns.) Finally, above 4 keV, most of the carriers are

being generated in the flat profile region and there is enough

* region within 0.05 microns of the h region to

damage in the n
approximate the behavior of model B (i.e. a slowly rising efficiency
curve). Some of the experimental data to be discussed below will

b demonstrate this general behavior. However, in view of the damage

tailing results discussed earlier in this section, Figure 27, 28,
or 29 would not be expected to fit the experimental data since these

simulations have assumed a damage profile without tailing.

EXPERIMENTAL RESULTS

The n+np targets were fabricated by As+ implantation at 100
keV through Sioz ‘nto {lac profile taryets. Processing of this
type of target is discussad in Section III. The typical doping
profile is as shown in Figure 26. The n-layer doping level and
junction depth vary somewhat among various lots as indicated in
each case.
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Figure 33 shows the first attempt to fit the collection effi-
ciency data with the model using the doping profile in Figure 26
and the damage profile including defect tailing as shown in Figures

16 and 19-22. 1In this experiment the art writing ion energy was

40 keV, the slope of the damage tail was chosen as 3 x 105 cm-l,

which is intermediate between the slope observed at 30 and 60 keV
for Ar+ and Xe+. The definition of the damage profile parameters

is shown in Figure 17. 1In general, the fit is encouraging but far
from perfect. The principle discrepancy is for the unwritten tar-
get, which falls below the model by about 10%. This behavior is
frequently observed on archival targets. It is believed to be due
to recombination in the diode, which attenuates the readout current
under all conditions. Unwritten target gain data agreed within 2%
for all four targets studied. A second possible explanation is that
the lifetime in the n-layer is low. Figure 34 shows the effect of

introducing in the model a uniform bulk lifetime (To = 4 nsec) through-

+

out the n” and n regions. This improves the fit, but note that the

peak lifetime 1_ required to fit the data does not increase in de-

P
cade amounts for their writing fluences. The best fits are for

-12 ceconds for the 101 cm™2 writing fluence and 5 x

seconds and - 10_14 seconds for the two higher fluences. Also,

for 10°12 seconds and 10713

1012 cm-2 fluence is poor. Figure 35 shows the effect of assuming

about 3 x 10
10-13

seconds respectively, the fit for the

some recombination in the collecting diode. The best fit for the
unwritten areas is obtained for a 15% carrier loss in the collecting
diode. This gives a better fit than the assumption of bulk recom-

bination in the n-~layer, but the fit for the 1012 and 1013 crn"2
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Compariscn of Model Calculation to Experimental Data.
Target series 105-10 written with 40 kev Art at
fluences indicated. Model calculation uses doping
profile in Figure 26 and a damage profile described by
Rp = 0.04 micron, Bg = 3x10 cm‘l, R = 0.5, and Tp as
indicated.
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Figure 34. Comparison of Model Calculation to Experimental Data. -
Target series 105-10 written with 40 kev Ar* at indi- 1
cated fluences. Model calculation based on doping
profile in Figure 16 and a damage profile described ]
by Rp = 0.04 micron, Ry = 0.7, Bs = 3x105 cm~1,
1o = 4x10~9 sec, and Tp as indicated in seconds.
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Art at indicated fluences. Model calculation
based on doping profile in Figure 26 and a dam-
age profile degcribed by R, = 0.04 micron, Rq =
0.7, Bg = 3x10° cm~l, and & diode quality factor
of 0.85.
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fluence samples could still be improved. Figure 36 shows the effect
of altering the recombination profile as shown in Figure 37. The
dotted tail was assumed for Figures 33 through 35. For Figure 36
the increased amount of defect tailing corresponding to the solid
line was used. The fit is improved considerably. Since the data
analysis of the earlier defect tailing experiments could not deter-
mine the normalization of the Brice model and the measured defect
tail to better than about a factor of 4, the remaining discrepan-
cies are well within the experimental tolerances.

The problems of normalizing the tail were discussed earlier in
this section. At low writing fluence, flat profile targets are too
surface recombination sensitive. Doping gradient targets are less
surface sensitive. Thus, this method of fitting the model to the
data over a wide fluence range on archival targets can provide a
method for determining the normalization. Fabrication of better
diodes to eliminate this effect would remove one adjustable param-
eter and thus improve this method of data analysis. Based on this
discussion, however, a high degree of confidence can be placed in
the normalized damage depth profile shown in Figure 37 for 40 keV
art. For reference, Figure 38 shows the fit assuming an increased
amount of damage tailing identical .to Figure 36 but using a 4 nsec
bulk lifetime in the n-layer to account for the low gain. This
fit is almost as good, except for the highest fluence case which
is insensitive to the bulk lifetime, because the defect tailing
has reduced the lifetime below the bulk level out to v 0.4 microns.
The better fit in Figure 36 substantiates the conclusion that the
low gain is due to carrier recombination in the collection diode

rather than bulk recombination in the n-layer. |
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Comparison of Model Calculation to Experimental Data.
Target series 105-10 written with 40 keV Art at indi-
cated fluences. Model calculation based on doping
profile in Figure 26 and a damage profile deSfribed
by Rp = 0.04 micron, Rp = 1.4, Bg = 3x10° cm~1,

To = -x1079 sec, and Ty as indicated.
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D. Design of Improved Target Structures

The anomalous defect diffusion can have several effects on
archival target operation. Most significant, the observation of
defect diffusion normal to the surface indicates that defects are

also spreading laterally a similar amount. This has the direct

‘ consequence of degrading bit packing density, as discussed in
' Section 1IV.

The penetration of the defects in depth can have several sec-
ondary effects on the target operation. In the case of n*p (or
the analogous p*n) structure, defects can penetrate near or into

the diode depletion region. This could cause increased diode

h leakage especially on targets with large amounts of written areas.

Defects within the heavily doped region do not contribute signif-
icantly to diode leakage. An additional effect of writing is to
cause carrier compensation, so that the written areas tend to
have lower carrier concentrations. This is discussed in more detail
in the section of 4-pt. probe measurements. In the heavily doped
surface region of the device, the amount of carrier compensation
that occurs at normal writing fluences is small. However, defect
tailing raises the possibility that carrier compensation could
occur deeper in the device. Note that the slope of the defect
distribution and the doping profiles are both in the range of 109
to 10® cm~l so that it is possible for defect profile to out-run
the doping profile. Also, the defects generated by writing will
tend to degrade the mobility in the written areas. The net effect
£ of these mechanisms can be to electrically disconnect isolated

unwritten areas from the remainder of the diode and diode contact.
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This disconnection effect was observed in Phase I and discussed
at some length in the Fourth Report. The present observations on
defect diffusion erplain why it was observed before when it was
not expected. The depths of the n* and p* layers had been de-
signed to contain all of the generated defects based on the Brice
type of defect generation model. To avoid these types of effects,
slightly thicker nt or pt layers are required.

The effect of defect diffusion on n*np targets is more severe.
If defects tail into or near the n region, the entire mode of tar-
get operation changes. The written target changes from model A
to model B type of behavior (Figure 30). This type of behavior
was observed in the data of Figures 33 through 38. In fact, it
was this data that first clearly demonstrated the importance of
defect tailing in archival targets.

To eliminate these defect penetration effects, targets with

deeper n* or pt layers may be designed. A number of processing

schedules were investigated for this purpose; they are summarized
in Section III. Double implants were one of the most promising
methods. Figure 39 shows the profile that can be obtained by
double As? implants at 30 and 100 keV with no surface oxide. The
100 keV implant profile is taken from the anodic oxidation measure-
ments of the Phase I and the 30 keV profile is obtained by scaling
this profile proportional to the energy ratio. This is felt to

be a more realistic procedure than using the LSS profiles which
differ significantly from the measured profile because of incom-
plete activation at the 900 ©C annealing temperature, anamolous

diffusion, and tailing. Figure 40 shows a double implant boron
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Doping Profile for Double Ast Implantation and Low
Temperature Anneal (900 ©C) Based on the Sum of a
Measured Profile for 100 kev a Ast at 1014 cm-2 (Fig-
ure 4 of 3rd quarter Phase I report) and a Profile for
30 keV Scaled from 1 wkeV
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Figure 40. Ddbing Profile for Double B* Implant (50 keV at 1015
em~2 and 100 keV at 1014 cm-2) based on Crowder (*).

*B.L. Crowder, J.F. Ziegler, and G.W. Cole, The Influence of the

Phase on Boron Atom Distributions in Ion Implanted
., International Symposium on Ion Implantation in Semicon-
and Other Materials, B.L. Crowder, ed. Plenum Press,

New York, 1972, pp 257-265.
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profile. The 100 kev data is taken from Crowder (see reference

in Figure caption 40) and the 50 keV obtained by scaling this

data. Typically the boron were done through 2600R of 8i0y. It

is assumed that this profile is obtained by taking z = 0.26 microns
as the silicon surface.

Figure 41 shows the collection efficiency versus beam energy
calculated for the profile of Figure 39 using the damage distri-
bution with Rp = 0.5 and Bg = 3.7 X 10° cm~l as measured for 30
kev Ar*t. The diode quality factor has been taken as 0.68. The
experimental data is from a set of targets written with Art at
30 keV. While the fit is not too good, the general behavior is
correctly predicted. The steep slope of the curves indicates
that the damage is being contained within the heavily doped re-
gion as desired.

Figure 42 shows a similar fit to experiment based on a set

of samples fabricated by a double boron implant as described by

—ry

Figure 40. Here the fit is very good and again indicates that
the damage is being contained within the heavily doped region.
The data in Figures 41 and 42 should be compared to Figures 36
through 40 for a target with a thinner nt layer where the effect

of damage penetration through the nt layer can be clearly seen.

Hence, based on these measurements, it is seen that these new

i3 region

target structures can contain the damage within the n
while still giving similar high gains at 2 keV.

The apparent deep location of the defects to which the archi-
val target substrate is sensitive during readout could be duve to

several phenomena. The defects could penetrate deeper than predicted
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Figure 41. Comparison of Complete One-Dimensional Model to Exper-
imental Data from Target Series 109-23 (3,4) and 109-
27(1) Written with 30 keV Art at Indicated Fluences.
Model calculation based on doping profile in Figure 29

cm-3. Damage profile described by R, = 0.03 micron,

= 0.5, Bg = 3 7x105 cm~1l, diode quality factor
= 0.68, and Tp as indicated.
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Figure 42. Comparison of Complete One-dimensional Model to Exper-
imental Data from Target Series B2-9 Written with
30 kev Art at Indicated Fluences. Model calculation
based on doping profile in Figure 40 with implanta-
tion through 0.26 micron of SiO;. Damage profile
described by Rp = 0.5, R, = 0.03 micron, and Bg
= 3 7x10° cm-1l. Diode qgality factor = 0.85.
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1 by Brice's energy calculations due to an anomalous diffusion of
defects into the substrate, or the defects could be initially

formed deeper than predicted by deeper ion penetration than an-

ticipated, resulting perhaps from channeling. 1In another process,
the defects could be driven deeper into the substrate during the
implantation process itself as waves of newly formed defects and

energy sweep through the lattice from the surface.

Whichever phenomenon or combination of these is involved,
the problem might be alleviated by the appropriate writing con-
ditions. Anomalous diffusion of defects into the substrate might
be curtailed by trapping the defects closer to the surface by

other defects. This may happen when the sample receives a large

dose. It may also be expected that a very heavy mass ion, such

as xenon, will exhibit somewhat less tailing. The defect clusters
produced by a heavy ion may act as sinks for point defects mi-
grating through the lattice.

Another approach could involve maintaining low sample tem-
perature during the ion writing process. More defects result
from a cold implant since fewer are annealed out during the writing
process itself. However some types of defects are capable of
moving and annealing at very low temperature, even as low as 4 K.
A low temperature would tend to curtail the deep movement of many
defects into the substrate as well. A liquid-nitrogen temperature
implant could result in a defect distribution with less tailing
into the device as well as possibly a lower fluence requirement.

The effect of quenching-in the defects would persist to a large
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degree even after the sample is returned at room temperature after
ion temperature writing.

If the deep defect distribution is due to channeling phenom-
ena, changing the sample temperature during implant might result
in noticeable effects. At low temperatures, channeling of the
implanted ions would be more marked, since the substrate ions re-
main closer to their lattice sites, leaving the channels more
open. At elevated implantation temperatures, increased thermal
energy causes greater lattice vibrations. The substrate ions
move further from their sites in the lattice, obstructing the
channels, and thus reducing the number of implanted ions that can
scatter down these pathways. Using higher sample temperatures
during the writing process to reduce the amount of channeling would
be of dubious value, since a considerable portion of the defects
would be annealed out, and defect migration would be promoted by
the elevated temperature.

Perhaps the most desirable approach to reduce defect tailing
would be to write harder, with heavy ions, because in this way
the migrating defects may tend to be captured by other sites of
radiation damage, curtailing their penetration, and increased de-
fect annealing would not be promoted as much by this mode of im-
plantation.

In summary, defect tailing has been discovered and measured
for a number of planar diode structures. Ar*, Krt, and Xxe' dam-
age implants have been evaluated at energies which give projected
ranges of 0.03 and 0.06 microns. Structures formed with lightly

doped P*, heavily doped As* and heavily doped B* regions all on
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<1ll1l> Monex silicon, have all showed similar amounts of damage
tailing. The size of the effect is v 0.05 microns with some de-
fects penetrating as much as 0.2 microns beyond their generation
depth according to the Brice model. One effect of damage tailing,
the complete penetration of damage into the diode junction, can

i cause disconnection of the isolated unwritten dot patterns and
increased diode leakage. The effects can be eliminated by deeper
doping profiles. Large area writing tests of these structures

have been successful. Evaluation of the packing density capabil-

ities of these new diode structures is described in Section 1IV.




SECTION III

ION IMPLANT TARGET DESIGN AND PROCESSING

The deep penetration of the defects generated by ion writing
precipitated several modifications in target substrate design and
processing. Deep defect distributions necessitate deeper nt
‘ (or p+) layers so that the defects do not penetrate to the diode
depletion region.

This deeper diode structure alteration can be achieved by re-
ducing or eliminating the surface oxide through which the implant
providing then nt (or p+) layer is performed (e.g. targets A210-
A212), or using multiple energy implants to tailor the deeper pro-
file (e.g. A206-A209). Another technique, which also functions to
reduce the steepness of the doping gradient, is to increase the
annealing temperature after implant. This causes diffusion of the

dopant , moving the junction deeper, and spreading out the profile

of implanted ions (e.g. B17-B23).

Another method for contending with the deep defect distribu-
tions is to produce a n+np (or ptpn) device by Figure 43 a double
implant forming a shallow top doped layer which results in a driv-
ing field, with a deeper implanted dopant layer, forming the junc-
tion (see Figure 43). The junction implant is done first, generally
at a low fluence 31012 ions/cmz, and then annealed at high tempera-
ture, 1100°c, to produce a relatively flat profile of dopant extend-
ing deep (z1lu) into the substrate. The high annealing temperatures
not only flatten the profile, but also serve to activate the dopant

completely and to anneal ion implantation generated defects in the

diode depletion region which can cause excess diode leakage and low
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voltage breakdown. Tc produce the driving field, a second implant

is performed through a surface oxide so that the peak just lands
inside the oxide, producing a steep doping gradient away from the

15 ions/cm-z) implant re-

surface. This second higher fluence (10
ceives a lower temperature annealing cycle, usually 900°C, which

is sufficient to activate the dopant and remove much of the result-
ing radiation damage. The low anneal temperature allows the pro-
file to retain its steep slope. The unannealed remanents of radia-
tion damage from this second implant are distant from the junction
and are in a heavily doped region so that generation-recombination
is suppressed and isolated from the junction. This assures higher
quality diode characteristics.

Several lots of this target generation were produced at the
Integrated Circuits Center in Syracuse, N.Y. These are given the
designations BAR (BEAMOS to ARchival), where BEAMOS targets were
stripped of oxide, an implant oxide was deposited, and the second
implant and anneal performed; NAR (n+ top layer ARchival); and
PAR (p+ top layer ARchival). Process steps for these variations
are indicated in Tables 1, 2, and 3.

To improve the basic device structure as well as to facili-
tate the through-put of writing experiments, a new mask set was
designed and a lot processed of the p+pn variety. In addition to
double field implants, channel stopper, back implantation, diode
passivation, and contact metallizations (see Figure 44 for cross
section), the new masks provide a series of bar patterns in re-
sist for writing experiments as well as Van der Pauw patterns.

The bar patterns allow fast through-put of writing experiments in
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which several implantation parameters are varied on the same sub-
strate. This was achieved by masking, implant, mask strip, remask,
implant, etc. In this way, for example, four different fluence
patterns are produced on the same wafer in the Integrated Circuits
Center, and shipped to CRD for evaluation. This method also re-
duces the effects of the individual substrate on the study of writ-
ing quality. Table 3 presents the process procedure for use with
the new mask set and Target dimensions and mask layout for PAR lot
are given in Appendix III.

A summary of targets produced or used in this period is pre-
sented in Appendix II. Implant and processing parameters are in-

dicated for the various groups of targets.
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TABLE 1
BAR (n+np) PROCESS FOR ARCHIVAL PLANAR DIODE SUBSTRATES

Strip metallization in PAN etch

Photomask with diode mask #3B, (open field) double mask
and expose

Strip oxide

Strip resist

Oxidize 14 minutes in Dry O, at 1150°C for 800 A
Photomask with diode mask #3B

4 ions/cm_2

Implant with 100 kV As to 5 x 10T
Strip resist

Branson clean

Anneal 1 hour at 900°C in N,
Branson clean

Dip etch

Deposit thick aluminum on front 400°
Photomask with mask 2B, positive resist
Pattern aluminum

Strip resist

(-]
Deposit 2000A Al on back
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1.

3.
4.

10.
11.
12.
13.
14.
15.
16.
E7a
18.
19.
20.
21.
22.
23.
24.
25.

26.

TABLE 2
+
NAR (N NP) PROCESS FOR ARCHIVAL PLANAR DIODE SUBSTRATE

Starting Mat. P-type 10-30 ohm cm <111> Fz Si
Branson clean

Oxidize 10/90/10 @ 1050°C 6000 X

Photomask with Mask 21

Etch 82424 8 minutes

Branson clean

Ton implant BY, 30 kev, 10°° e * for back contact

Ion implant B', 50 kev, 0 e

Remove resist H,S0, + H,0, + rinse

Branson clean

oxidize 10/90-10 @ 1050°C for 6000 A

Photomask with Mask Z2

Coat back with resist

Etch 82424 for 8 minutes

Remove resist with H,S0, + H,0, + rinse

Oxidize 17 minutes in dry O, at 1150°C for 1000 A
Ion implant P', 80 keVv 1012 cm2

Etch in 82424 for 2 minutes

oxidize at 1200°C in dry 0, for {15 minutes for 800 A
Photomask with mask 23

ast 100 kev 5 x 10'* cm™?, etch 82424 clear
Branson clean

Anneal 900°C for 1 hour in N,

Photomask with mask 25

Etch 82424 for 8 minutes (clear back)

Strip resist HZSO4 + H202 + rinse
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27,

~28.

29.
30.
31.
Ja.
33.

TABLE 2 Continued
Thick Al E-beam 10,000 A back
Thick Al E-beam evaporation for 10,000 R on front
Photomask with mask 24
Coat backside with resist
Etch front Al with spray etch
Strip resist A-20

Sinter Al contacts at 395°C for 10 minutes in Nz
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10.
11s
12.
13.
14.
15.

16.
17.
18.

19.

20.
21.
22.

23.

TABLE 3

PAR (p+pn) PROCESS FOR ARCHIVAL PLANAR DIODE SUBSTRATES
PRODUCED USING NEW "Z" MASK SET

Starting material n type 1030 ohm-cm <111> float zone Si
Branson clean

oxidize 6000 A at 1050°C

Photomask with mask 21

Etch oxide in 82424 etch for 8 minutes

Branson clean

Ion implant back contact with 30 kV P+ to 1015 ions/cm2

15

Ion implant front with 50 kV pt to 10 ions/cm2

Remove resist, in sto4 + Hzoz, A20, ultrasonic, repeat with

fresh HZSO4 + Hzo2 and rinse D.I. H20

Branson clean

Oxidize 6000 A at 10500C

Photomask with mask 22

Coat back with resist

Etch cxide with 82424 etch 8 minutes

Remove resist with sto4 + H202, A20, ultrasonic, fresh

sto4 + H202 and rinse D.I. Hzo

(-]
Oxidize 17 minutes in dry 0, at 1150°¢ to grow 1000 A

12

Ion implant with 50 kV B+ to 10 ions/cm2

Etch oxide with 82424 2 minutes

o
oxidize 1200°C dry 0, 1 hour, in steam 1050°C to 2600 A

2
Photomask with mask 23, double coat
15

ions/cm2

Ion implant with 50 kV B+ to 10
Branson clean

Anneal 900°C 1 hour in N
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24.
25.

26.

27.
28.
29.
30.
31.
32.

33.

TABLE 3 Continued

Photomask with mask 25

Etch residual glass from anneal with 82424 8 minutes (clears
back too)

Remove resist with HZSO4 + Hzoz, A20, ultrasonic, then

fresh H,S0, + H,0, and rinse D.I. H,0

Deposit with E-beam evaporator 10,000 3 Al on back

Deposit with E-beam evaporator 10,000 i Al on front
Photomask front with mask Z4

Coat back side of wafer with resist

Etch aluminum on front with spray etch

H20 with ultrasonic for mask removal

Sinter Al contacts at 395°C for 10 minutes in N2
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SECTION IV

HIGH RESOLUTION WRITING INVESTIGATIONS

The ion written archival target approach has'been evaluated
by flood beam ion implantation through Cr masks prepared on the
surface of the diode targets. This simulates writing by a focused
ion beam. The Cr masks are produced by electron beam lithography
and chemical etching. After implantation, the Cr patterns are
photographed by secondary emission in a scanning electron microscope
(SEM). After stripping the Cr film, the diode readout signals

are measured in the SEM.

The following section describes recent high resolution writing
experiments. Improvements in the modeling of the two dimensional
readout theory including defect tailing are also discussed.

The first four parts of the section describe recent improvements
in measurement and sample preparation techniques related to these

studies.

A. Beam Current Control

The Coates and Welter scanning electron microscope system
was used for electron beam resist exposure to form metal implanta-
tion masks for the ion writing experiments. To achieve greater
uniformity and precision in the exposures, the beam current was
intermittently monitored using a Faraday cup. The tip was operated
in a built-up thermally cleaned field emission mode, at beam

currents between 0.5 and 3 nanoamps. A landing potential of
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16 kV was used for the electron beam to pattern the resist.
The beam current was monitored (Figure 45) and a noise variation

on the order of 15% was observed. This noise reduction was

achieved by the TFE filament heater operating with mode control
setting between 30 and 100. This stability could be reached

in two ways: 1) By setting the filament heater Control at 75; about
f an hour later stable operation at the 1 or 2 nanoamp level could

be attained; 2) If the setting was placed at about 200

(higher current) initially, this beam current level was achieved
quickly, and by backing off to 50 or 100, stabilized beam current

at this desired level was achieved quickly.

B. New Test Pattern

4 A new test pattern was developed for use in electron beam
exposures of PMMA etch masks for producing chrome metal barrier
implantation masks. This pattern is shown in Figure 46. This
pattern provides both isolated written and unwritten lines of
various dimensions. The data read from these line patterns is
more reproducible than that from dot patterns because beam posi-
tioning during readout is not as critical. This pattern was
used along with the isolated dot pattern shown in Figure 27 of
the Fourth Quarter Phase I report.

.

C. Improved CR Etching

A number of improvements in Cr etching techniques for produc-
ing high resolution implant mask patterns have been implemented.
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Figure 45. Plot of C&W SEM Emission Current
as a Function of Time Showing

Beam Stability
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Test Pattern Used to Produce Iso-

lated Written and Unwritten Lines
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These largely involved greater precision in the etch reaction and

improved cleanliness.

The steps preceding the etching operation include the depo-
sition of 500 A of sputtered chrome on the surface of clean diode
substrates, the spinning of the polymethyl methacrylate resist
for 1 minute at 2000 RPM, and the development and exposure of
this resist. This leaves the areas to be stripped of chrome

open for chemical action.

In addition to more cleaning steps and an isopropyl rinse
following development to remove polymer residue, considerably
greater care was exercised in regard to temperature control of
the etch and rate calibration. Fresh etch solution and clean
glassware is used for each wafer etch. The solution is heated
to near the 50°C temperature, and not allowed to temperature
overshoot past 55°C. During the etch operation, control is main-
tained within 0.5 degree of 50°cC. Vigorous agitation is used
to keep a fresh supply of active solution at the wafer surface

at all times. The etch period is timed within 1 second accuracy.

For each sputter deposition of chrome and each new batch
of etch (mixed from two components), the etch rate is calibrated
from the time needed to clear a glass slide with the same Cr
thickness as the wafers. The time required is tested in 5 second
increments to achieve maximum clearance with minimum undercut.
The minimum time increment is selected which removes the chrome

film to the point of optical and reflected transparency.
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At the end of the timed etch, the sample is immediately
plunged into a distilled water bath, swirled vigorously, and
then into a second distilled water bath, followed by a flowing
distilled water rinse to remove all etch and possible accompany-
ing residue.

The etched sample with the resist still on is then inspected
in an optical microscope to insure that open areas indeed are
clear, and then the resist is stripped. The resulting Cr pattern
is then given a preliminary optical microscope evaluation to
determine the quality of the resolution, and is then ready to
serve as an implantation mask. The complete implant mask forma-

tion process is summarized in Table 4.

D. Lift-off Experiments

In an effort to produce better definition in high resolu-
tion chrome patterns, another method, commonly called lift-off
was used to selectively remove metallization. With this tech-
nique, the bare semiconductor is coated with the electron sen-
sitive polymer first, then patterned, and developed. The target,
with the patterned areas open, is then metallized. When this struc-
ture is then soaked in the resist solvent, the metal layer which
lies over polymer floats off, with the resist, while that which
is in direct contact with the semiconductor adheres. In this

way high resolution metal masks can be produced.
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9.

10.

11.
12.

13.

14.
15.
16.

17.

TABLE 4

PROCESSING ARCHIVAL SUBSTRATES FOR E-BEAM EXPOSURE AND ION WRITING

Complete planar diode structure
Clean in boiling solvents, trichlor, acetone, 2-proponal, then
DI rinse
Sputter etch, then sputter 500 A Cr
Spin on PMMA from bottle #2, 1 minute at 2000 RPM, bake 15 minutes
170°%
Expose and develop -
soak 1 min
spray 30 sec
Bake 10 minutes at 120°C
Etch at 50°C C-25 etch, about 35 seconds, fresh etch, clean beaker
Quench wafer immediately in .DI bath, then second DI bath, then
rinse in running DI
Examine etch in optical microscope
If Latisfactory, remove PMMA
soak 5 min
spray 30 sec
Writing implant
Photograph chrome patterns in SEM
Three solvent clean in room temperature trichlor, acetone, 2-
proponal DI rinse
Strip Cr with room temperature Bell and Howell CR etch
Three solvent clean, trichlor, acetone, ethyl, DI rinse
BHF back, edges of mesa

Examine diode signals




In a series of preliminary experiments, parameters for suc-
cessful lift-off were studied using blank wafers. 1In the first
test, PMMA resist was spun on at 2000 rpm for 1 minute to produce
a 0.6 film, and baked 16 minutes at 170°C. After pattern exposure
and development, 2 minute soak, 30 second spray, 600 A of Au was
deposited by evaporation. Attempts at lift-off resulted in debris
remaining in the pattern, indicating a longer spray cycle, and
perhaps more complete development was needed. 1In a second test,

a 20 minute soak cycle in ethyl acetate, with 15 second sprays

at the 12 and 16 minute points, produced considerably superior
results. However, still some areas of the pattern did not clear
and sections of the gold did not adhere properly. One of the
most critical points in the lift-off process is that a very clean
surface is required for proper metal pattern adhesion through
processes sufficient to lift the rest of the metal. 1In order

to facilitate this, a longer development of the PMMA was deemed
appropriate to increase undercutting of the resist patterns as
well as an ethanol and DI rinse to provide good contact surface

for the metal.

Lift-off techniques were used to pattern target B109D, a

p+ top layer archival diode structure. Approximately 0.95 microns

of PMMA resist was spun on for 1 minute at 2000 RPM and then
prebaked 16 minutes at 170°Cc. After electron beam exposure and
development for 1 minute with 30 second spray and thorough rinsing,
300A of gold was evaporated over the resist. A 20 minute soak

3 of the PMMA in ethyl acetate with 60 second spray resulted in

the gold lifting in most areas and no patterns.

90




The target was then put through the pattern process again,
with the gold stripped, HF dip, repeated DI rinses, and solvent
cleaning in trichloroethylene, acetone, and proponal. Again
resist (0.954) was spun on, and baked 16 minutes at ¥20°C. - De=
velopment proceeded with a 160 second soak, 30 second spray,
followed by 120 second soak, 30 second spray. Chrome was then
deposited by evaporation to a thickness of 600A. Three minutes
in ethyl acetate, then 30 second spray then a 1 minute soak fol-
lowed by 15 second spray, rinse in ethyl alcohol, rinse in DI
and then a blow dry, resulted in fair lift-off and the retention

of the coarse patterns on the order of 0.4y,.

Similar results were achieved with target B109A. The pat-
terned PMMA was metalized with 500A evaporated chrome, and then
lift-off was brought about by 1 minute soak in ethyl acetate,

30 second spray, 30 second ethanol soak, 25 second DI rinse,

then another cycle of 5 minute ethyl acetate soak, 1 minute boil,
ethanol rinse, DI rinse. Still fine parts of the pattern had

not lifted. A 30 second ultrasonic ethyl alcohol clean, followed
by ethanol and DI rinse, then a 4 minute soak in ethyl acetate,
and 1 minute ultrasonic clean in ethyl acetate, 2 minutes ultra-
sonic treatment in ethyl alcohol, 5 minute ultrasonic in acetone,
5 second dip 50°C Cc-25 Cr etch, 21 minute ultrasonic clean in
acetone resulted in 0.4 patterns. Parts of the smaller ones

were lost, and some of the very small areas would not lift.

Target 105-7(1) was exposed and patterned, and then 500A

Cr was deposited by evaporation. Ethyl acetate was used to lift
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off the chrome by a 2-1/2 minute spray, 30 second soak, 2 minutes
ultrasonic, followed by 15 second rinse in ethanol, and a 10
second rinse in DI. A large portion of the patterns were again
lost, however some useful line structures on the order of 0.5y

were preserved.

The lift-off technique did not prove satisfactory for the
production of the very high resolution (on the order of 0.1u)
metal patterns of interest. Although, with cleanliness and care,
high resolution patterns were produced, they did not consistently
meet the quality standards needed. Finer structures were afforded
by the conventional wet etching techniques for chrome metalliza-
tiorns, with considerably less debris interfering with the patterns.
A better alternative to wet etching to produce metal patterns with
greater edge definition would be ion beam etching. Although this
process tends to erode the resist walls, resulting in some degrad-
ation of the pattern, it has been shown to be effective for high

resolution work.

E. Bit Spacing Criterion

Figure 47 shows the format for both the theoretical and

experimental studies. Two types of bit patterns are studied:

The isolated written and unwritten areas. Each of these patterns
can be described by a single feature or pattern size parameter

W. In the case of focused ion beam writing, W is identified
with the bit spacing. This identification is exact if the ion
beam spot size and the bit spacing are each equal to W. For

the Cr pattern experiments, W is the size of the hole in the
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Cr film or the size of the island of Cr. From the readout gain
measurements, isolated bit gain plots are determined as indicated
in Figure 47. The crossing point of these two curves serves
as a good estimate of the minimum achievable bit spacing. This
can be seen from the following argument. If a simple level de-
tection data recovery method were utilized, then the crossing
point represents the minimum bit spacing achievable (if the signal-
to-noise were infinite), and there were no other noise sources
such as target defects.

More sophisticated data encoding and recovery techniques
which rely on derivative processing can realize significant im-
provemen’s, thereby permitting operation near the crossing point
in realistic situations. The reduction in the gain of the isolated
unwritten area is due to the interaction of at least eight adjacent
bits. Sequentially, bits have four of these eight adjacent bits
in common, so derivative processing can significantly remove
the effect of cross-talk due to these four adjacent bits. This
is similar to data recovery in BEAMOS targets. Derivative process-
ing has been successfully applied to the BEAMOS memory device.

F. Two-dimensional Model

A two-dimensional model for the target hit spacing density
was developed during Phase I and discussed in the First Quarter
Report. The predictions of this model will be re-examined in
light of the defect spreading measurements described earlier.
Figure 48 shows cross sections of a written archival target. Two
cases corresponding to isolated written and unwritten areas are
shown. The feature size is 0.2 micron, which is the size of the
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