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- PREFACE

The objective of this basic research program is to investigate the feasi-

bility of new storage techniques for large archival memories using ion and

electron beam s with semiconductor targets. The goal is the development of

an archival memory capable of storing iO’4 to 1015 bits with rapid access to

the stored information.

The currently funded effort (Phase I) deals with feasibility studies of key

technical areas. The program covers experimental and analytical investiga-

tions : (1) to demonstrate the feasibility of ion implanted and alloy junction

storage media, (2) to determine the feasibility of beam optics design required

for writing/ reading on the media, and (3) to select the better of the two storage

methods and perform a preliminary paper design of the concept for further

development.

This report covers the third quarter effort. The two previous quarters

were described in reports AFAL-TR-76-213 and AFAL-TR-77-35. During

this reporting period, effort in the Archival Memory Program included ex-

perimental work and theoretical studies on planar diode structures (memo ry

target substrate ), implantation of inert ions to form damage writing on a

planar diode structure, studies of writing efficiencies of inert ions, eutectic

writing with an Nd: YAG laser, and deve lopment of the electron beam writing

station which was made operationaL

A variety of implanted inert ions (Net Ar~ Xe~ Kr~ and He
4) were char-

acterized for writing efficiency. Fluences required for inert ion writing can

111 
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be achieved with currently developed ion sources and wiU permit 10 Mbit/sec

recording rates.

Optics studies during the quarter were confined to a general analysis of

I the various write optics configurations.
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Section I

INTRODUCTION AND SUMMAR Y

The Advanced Archival Memory Program is directed toward the develop-

• ment of a large memory with 1014 to 1015 bit capacity, rapid access to stored

information (< 100 i.isec access to a block), and high data rates (10 to 100 Mbits/

sec). This Phase I of the overall program addresses technology studies of two

memory approaches: (1) ion implantation to form surface diodes or damage

bit sites, and (2) electron beam formed alloy junction surface diodes. These

studies include not only memory target physics but also feasibility of the beam

optics required to form bit sites by either of the approaches. At the conclu-

sion of the studies, the better of the two storage methods will be selected

based on memory target feasibility, practicability of the beam optics, and

applicability of such a memory to a large, rapid-access archival memory

system.

During this quarter of the Advanced Archival Memory Program, a num-

ber of technical advances were made and directions for future research estab-

lished in the following areas:

• Target modeling

• Planar diode (memory target substrate) development

— • Ion writing

• • Alloy junction writing

• Alloy junction experimental write station

• Writing optic s studies
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TARGET MODELING STUDIES

During previous quarters, modeling studies have been directed toward

establishing a better understanding of the motion of electron beam generated

carriers in planar diode targets and toward explaining the measured gain as

a function of beam energy. During this third quarter, the model has been

applied to samples with a doping profile which has been more exactly mea-

sured by the anodic oxidation and stripping technique. The agreement between

the model and experiment is significantly better when measured doping pro-

files are used . A Gaussian damage profile was also introduced, and the de-

pendence of gain versus energy behavior on recombination was investigated.

The Gaussian damage profile is realistic for damage writing and also does

not cause a convergence problem with the model .

PLANAR DIODE (MEMORY TARGE T SUBSTRATE) DEVELOPMENT

During this period , a continued effort was made to improve the diode struc-

ture. It was shown during the previous quarter that a high built-in electric

field at the surface is required for high gain. A method was developed to

achieve this field. It consists of producing a steep doping gradient near the

surface by implanting through an oxide film of sufficient thickness to put the

peak of the implant distribution near the interface. During this period, boron

implant s were made and demonstrated higher gains than the arsenic implants

originally used. Planar diodes of good quality can now be produced. Further

optimization is antici pated, however , particularly for low noise operation.
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ION WRITIN G

Writing experiments were conducted using a variety of implanted inert

ions (Ne 4, Ar 4, Xe+, Kr +, and He4). The work during the quarter cor-

roborated the second quarter suggestion that ion damage, as well as ion doping,

may be a viable means for recording information. These studies also included

measurements of writing efficiencies. The data on writing efficiency will be

used during the fourth quarter in designing high density writing experiments.

ALLOY JUNCTION EXPERIMENTS

As an aid to understanding the factors involved in the alloy diode approach

and to help design and interpret the electron beam writing experiment s, corn-

puter programs were initiated. The programs are designed to give quantita-

tive information and , as experimental writing gets underway, their useful-

ness in interpreting result s wIll become more pronounced.

Additional laser writing experiments were conducted during this quarter.

An Al-Si target was first used and rows of single pulse per site were made.

Neutral density filters were introduced to attenuate the laser beam in steps.

Laser writing was achieved with no visible surface damage. This achieved

one of the main goals of the quarter-- eutectic alloying with single pulses of

laser radiation.

Another sample target system consisted of Au-Si. The laser beam was

• used to heat spot patterns, with the energy of the beam varied by use of neu-

tral density filters. Eutectic alloying was observed using a scanning electron

microscope.

3
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ALLOY JUNCTION EXPERIMENTAL WRITE STATION

A field emission electron beam write station was specified and contracting

officer approval for its purchase was obtained very early in the contract. A

120 day delivery promise was not met. The station was delivered November 30,

1976, and installed by the Coates and Welter serviceman by mid-December.

The sample holder was modified to accept archival target chips and electrical

leads brought out . Electronic blanking and deflection circuitry were incor-

porated by General Electric . In addition, a heated stage to be used in ther-

mal bias experiments was designed and constructed. Testing of the stage is

beginning.

The electron column has undergone initial tests for beam focus and beam

current . Electron beam recording tests will begin early in the next quarter.

WRITE OPTICS STUDY

During this quarter, the optics study was confined to acquiring and devel-

oping the tools necessary for a general analysis of the various write optics

configurations. These tools will be used in the analytical evaluation of speci-

fic write optics configurations during the fourth quarter.

4
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Section II

MODELING OF CARRIER MOTION IN PLANAR DIODE STRUCTURES

During the previous two quarters, progress has been made toward estab-

lishing a better understanding of the motion of electron beam generated car-

riers in planar diode targets. During the first quarter , a model was described

for the electron beam gain versus beam energy behavior of planar diode targets .

The model uses the complete solution of the injected carrier continuity equa-

tion including the effects of electric fi elds due to doping profiles, mobility

variation with doping, and the appropriate boundary conditions. The genera-

tion of carriers as a function of penetration depth by the electron beam is in-

cluded using the best experimental data from a number of sources.

During the second quarter, it was shown that this model could explain the

measured gain versus beam energy of properly prepared and annealed As4

implanted planar diodes without the assumption of any bulk recombination.

The observed gain reduction at low beam energy could be accounted for en-

tirely by surface recombinat ion. However, even with maximum surface re-

combination, the As+ implanted samples achieved more than 50% of the max-

imum possible gain, if all generated carriers were collected by the planar

diode depletion region. It is believed that this model could be applied with

similar success to other implanted ions in silicon when the doping profiles

have been determined.

During the third quarter, the model was applied to the same As~

implanted samples but with a more exact doping profil e measured by the

5
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anodic oxidation and stripping technique which was initiated during the second

quarter and is continuing. The agreement between the model and experiment

is improved with this newly measured doping profile. This improved agree-

ment will be useful during the following quarter for evaluation of the writing

experiments.

During the second quarter, bulk recombination was introduced into the

model near the surface. The primary purpose was to explore the differences

between bulk recombination near the surface and surface recombination on the

gain versus energy behavior. However, these calculations also demonstrated

the application of the model to the study of damage writing. During the third

quarter, a Gaussian damage profile was introduced and the dependence of the

gain versus energy behavior on recombination was investigated. The Gaussian

damage profil e is more realistic for damage writing and also does not cause a •

convergence problem with the model .

APPLICATIONS OF CARRIER TRANSPOR T MODEL TO GAIN VS ENERGY
DATA

During the previous quarter, the gain vs beam energy behavior of As4

implanted planar diodes was modeled using a published profile due to Schwett-

mann [1]. This, along with other experiments, demonstrated that the ob-

served gain reduction at low beam energy was due to surface recombination .

During the second quarter, one of the arsenic and one of the phosphorus

planar diode samples were profiled by anodic oxidation and a 4-point probe.

Application of the model to these profiles and comparison to the experimental

data are discussed in this section .

6
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Figure 1 shows the measured doping profile (solid line) from the Second

Quarterly Report for a 100 key P~ implanted sample at 1 0’~ cm~
2 into (111)

10-20 ohm-cm silicon. The wafer was annealed at 770°C for 1 hour in argon .

The dotted lines are the approximations to the profile used for the model cal-

culation . Figure 2 shows the predicted gain vs beam energy curve based on

this profile for two typical values of surface recombination velocity (Sw ). The

experimental point s are from sample P18C which is a section from the same

wafer that was profiled. As can be seen, the agreement is very good. The

lack of a steep doping gradient near the surface allows a larger amount of re-

combination at the surface, which result s in low diode gain at low beam energies.

Figure 3 is a plot of the same data as collection efficiency vs beam energy .

The collection efficiency r~ is defined as

Ti = G/G(Sv = 0 ) (1)

where G is the measured or calculated gain and G(Sv = 0) is the maximum pos-

sible gain with no surface recombination;

G(SV = 0) = 0. 92 (Beam Ener~ Y) (2)

(see Section II of the Second Quarterly Report). This is an alternate way of

presenting the gain data which gives a better picture of the degree of agree-

ment especially at low beam energies. As was discussed during the last

quarter, recombination velocities in the range of i05 to i07 cm/Sec are typi-

cal for electron beam irradiated silicon surfaces. Similar numbers have been

observed on BEAMOS (beam addressed metal oxide semiconductor) targets.

The model correctly predicts the gain behavior of the phosphorus implanted

7
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Figure 1. Measured Doping Profile for Sample P18A Prepared

by 100 keV P+ Implantation at 1014 cm 2 into Silicon.
(Dotted lines are approximation to data used for
model calculations of gain vs beam energy . Param-
eters of approximation are shown in the figure.)
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planar diodes with the same value of recombination velocity observed for the

arsenic samples and the BEAMOS targets.

Figure 4 shows the measured (•) doping profile for an As~ implanted planar

diode prepared by l00keV As~ implantat ion at 1014 cm 2 into 10-20ohm-cm <111)

float zone silicon after anneal at 770°C for 1 hour in argon. Thi s is taken from the

anodic profiling results conducted during the second quarter. The solid curve is

the approximation used for the model calculation. The parameters are indicated in

the figure caption. Figure 5 shows the predicted and observed gain vs beam energy

behavior. The error bar s indicate the typical variation in gain over 0. 01 cm 2 of sur-

face area. Again the agreement is very good, especially at the low beam energies.

The agreement is better than for the calculation on the Schwett mann profile used

during the last quarter. The excellent agreement, especially at low beam

energies, can be seen more clearly in Figure 6 where the collection efficiency

is shown. Again surface recombination velocities in the range of 106 cm/sec

provide the best fit . The behavior at low beam energies is very sensitive to

the profile near the surface and, if a more exact approximation to the mea-

sured profile had been used, the agreement would have been slightly better.

MODELING OF DAMAGE WRITING

The interaction of the writing ion beam with the semiconductor causes a

number of different changes in the material . If the writing ion is an electri-

cal dopant for the material and resides on a substitutional (i . e., electrically

active) site, th en the doping level of the material will be altered in the local

written region. If the number of introduced dopant s is larger than the back-

ground doping level and of the opposite type, then electric fields will be
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produced so as to trap the minority carriers generated by the reading beam

and produce low readout signals. If a sufficient number of active dopant is

implanted (— 2X background level), the t ongest fields will be produced by

formation of actual diode depletion regions. This is the mechanism for doping

writing originally postulated for the ion-implant surface diode memory concept .

However, the writing ion beam can also damage the material causing other

changes. Two important types of damage are: (1) generation of recombination

sites and (2) generation of deep traps. Since the number of generated damage

sites can be 1000 or more per incident ion, this type of writing has a potential

for much hi gher writing rates. Two types of damage writing can be distin-

gui shed: recombination writing and compensation writing.

Generation of recombination sites would produce local carrier recombina-

tion and reduce the readout signal by causing local recombination of the gen-

erated electron-hole pairs.

Generation of deep traps would reduce the free carrier recombination in

the written region. At a high enough writing fluence, the material would be-

come intrinsic. The effect of these deep traps is therefore much like doping

writing except that the written region does not change doping type. However,

depletion fields are still produced which tend to trap the generated carriers

until they recombine.

Since the possibility of compensation damage writing was not appreciated

until late in the third quarter, no attempt has yet been made to model this.

Experiments are in progress to discriminat e between the two types of damage
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writing. These are described in the following section . This section describes
modeling of the damage writing due to introduction of recombination centers .
The predicted behavior of this type of writing will be one tool used to discrim-
inate between the two types of damage writing.

INTRODUCTION OF RECOMBINATION INTO THE CARRIER DIFFUSIONMODEL

During the second quarter , bulk recombination was introduced into the
computer program as:

(Ti Z<Z 1
T <  (3)t, ‘sec Z>Z 1

This type of step function approximation was suitable for studying the effect
of bulk recombiriation in relation to the question of the ori gin of the gain deficit
or dead layer observed in planar diodes . However , this type of recombina-
tion profile has two disadvantages for modeling of damage writing. First, as
noted during the last quarter , the abrupt discontinuity in the recombinatj on

profile causes some problems in convergence of the interaction. Second, this
type of profile is a poor approximation of the actual damage profil e expected.
Damage profiles are discussed in a following section. The damage profil e
introduced into the model is shown in Figure 7. This damage profile is based
on the assumptions that the number of damage sites has a Gaussian distribu-
tion and that the recombination rat e, 1 /T , is proportional to the number of
recombination sites. The second assumption is essentially that the recom-
bination sites are independent . As discussed earlier , this model ignores the
possibility of compensation type writing. Quite probably both types operate
simultaneously. 

16

- - -
~~ -. -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —



~~1

‘lTd

I / T - _
p 

i’ \ r (Z -d P )1
-
~~
- exp L 

~d2 i

d p Z
Figure 7 . Recomb ination Distribution for Damage Writing

Simulations. E Parameters are d~ (depth of dis-
tribution t s peak), Tp (lifetime at distribution 4 s
peak) and ce.]

17

~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~i~i ~~~~~~~~~~~~~~ ~~~~ 
- -

~~~~~~~~~~ 
- - 

--



- - - -~~--~~~ . 

_- . ~~~~~~~~~~~
-j

~
- -

To simulate damage recombination writing, the measured arsenic im-

planted profile was used. Modeling of the gain vs energy behavior using this

profile was described earlier in this section. Most of the damage writing

studies have been done with ion species and energies chosen so that the pene-

tration or range was 0. 1 M. This amount of penetration was chosen because

it should give the maximum modulation consistent with 0. 1 ~j . bit spacing.

Damage is believed to be di stributed with a Gaussian spread of about 0. 6

times the range of the ion largely independent of the ion species, although

there is a trend towards a smaller ratio for the heavier ions. For this type

of damage writing, the following general features were chosen: d~ = 0. 08 ~.i

and a1~ = 0. 05 ~t . This would be typical of argon writing at 80 keV, for ex-

ample, or neon at 40 keV.

Two planar diode target s were simulated. The first was based directly

on the anodic profiling results of arsenic implantation at 100 keV and annealed

at 770°C and the second on implantation of arsenic through 0. 08 ~ of thermal

SiO2 at 100 keV. The second profile has not been measured, but it was cal-

culated from the first profile assuming that the thermal oxide has no effect

except to remove the first 0. 08 ~~. of the implanted ion distribution. This is

what was observed by Schwettmann for arsenic implantation through anodic

oxides. Work is in progress to measure this profile.

Figure 8 shows the predicted gain vs beam energy for the 100 keV im-

plant with no oxide and several peak recombination times, Tp. Figure 9 shows

similar data for the 100 key implant through the oxide. Figure 10 shows the

18
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Figure 8. Damage Writing Simulation. [Model prediction of gain vs beam
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plantation into silicon. Recombination par ameter s are (see
Figure 1) d~ = 0. 08 ~,T d 0. 05 ~. and Tp as defined in Figure 7.
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gain at 3 key normalized to the gain with = vs l/R~~ Data for both types

of arsenic diodes are shown, and there is very little difference.

The physical basis for this behavior can be understood from approximate

solutions to the carrier transport equations. Consider the geometry shown in

Figure 11. The built-in electric field is constant . W is the diode boundary or

edge of the depletion region. The recombination lifetime T is constant. Solu-

tions for the collection probability for such a geometry will tend to have the

form exp(-W/l) where 1 is the average distance a minority carrier moves be-

fore recombination. If the electric field E is large, then the carrier flow ispri-

man ly drift and 1 ~~LE T . If E is small, then the carrier flow is primarily

diffusion and 1 ~ fD~ The transition between these two regimes occurs when

~LET = /~~~or when E = kT/J~~~ For T = 1012 sec, the transition occurs when

E = 7. 9 x i0~ V/cm . Since the built-in fields for the examples of Figures 8

through 10 are less than 6 x i03 V/cm for most of the profile, these data are

just in the transition region. The straight line in Figure 10 corresponds to

exp (-W/JD~~) where W = 0. 08 ~.t and D = 10 cm2/sec, i. e., the diffusion ap-

proximation. As can be seen, the agreement is very good. A similar plot

against 1/i would not give a straight line, and hence this case is best described

by the diffusion approximation .

Figure 12 shows a similar calculation for a higher built-in electric field .

Here the doping profile was taken as 1. 35 x 1018 cm 3 exp (-2 x 106 cm 1 x z) .

This gives a constant built-in electric field of 5 x i04 V/cm. The damage

profile was the same as the previous example. This field is too high to be

22
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Figure 12 . Damage Writing Simulation. (Data normalized as in Figure 4 .

Built-in electric field 5 x iü~ V/cm due to a doping profile
1. 35 x 1018 cm 3 exp (— 2 x 106 cm ’z). Straight line is drift
approximation.)
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physically realizabl e, since with a mobility of 400 cm2! Vsec this corresponds

to a drift velocity of 2. 5 x ~~ cm/sec which is 5 times larger than the maxi-

mum drift velocity of holes in silicon. However, it serves to illustrate a

mathematical point about the solutions. Now the data are plotted against 1/i-

which gives a better fit than l//~~to a straight line. The solid line corresponds

to exp (-W/~.iEi) with W = 0.08 ~i, 5 x 104 V/cm , and ~ = 500 cm 2 / V sec.

Based on these calculations, it would be expected that the damage writing

experiments on the arsenic implanted samples would follow the diffusion ap-

proximation, i. e., the normalized gain should be proportional to exp (-W/fI3~ ).

Assuming independent and identical recombination centers, l/T should be pro-

portional to the number of recombination centers or the implant fluence

F (1/i = KF). Hence plots of measured log gain vs ~~~ should yield straight

lines, and from the slope, the proportionality constant K can be determined.
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Section III

PLANAR DIODE EXPERIMENTS

SILICON SUBSTRATES

During the last quarter, several experiments on silicon planar collection

diodes were undertaken to better define this structure with regard to high

collection efficiency and reduced diode leakage. The studies included arsenic

and boron implantations for formation of planar diodes and studies of anneal-

ing treatments and surface treatments.

During the previous quarter, 100 keV As implantation through thermal

Si02 was identified as a promising technique for producing phtnar diodes with

high collection efficiency. The process which was identified as producing

good structures was 100 keV As+ implantation through 800 A of thermal SiO2

at a fluence of 1014 cm 2 into 10-20 ohm-cm p-type <111> float zone silicon

at 7° off axis and room temperature. The annealing cycle used was 770°C for

1 hour in argon . A large number of wafers were implanted using these con-

ditions to verify the process steps employed. These planar diodes will become

substrates for writing experiments. Figure 13 shows the gain vs beam energy

measurements for one of these samples after anneal at 800°C for 1 hour in

argon . As can be seen, the results are variable when measured at different

times and were found to be improved by an HF dip. It is believed that the low

gain observed initially was due to poor contacts to the wafer . This was a

concern from the beginning of the program but the early result s did not in-

dicate any severe problems. No corrective measures were undertaken,

except the addition of a BHF (buffered hydrofloric acid) dip after anneal to
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Figure 13. Gain vs Energy Measurements for 100 kV As + Implanted Planar

Diode. (Implantation was for 1014 ions/cm 2 through 800 A oxide
into 10-20 ohm-cm p-type <111> silicon. Anneal was for 1 hour
in argon ambient at 800 °C.)

28

L ~~~~ 

-

~~~

- 

~~~~~~~~~~~~~ 

-



— — ----. - —=--•-----— — ~~~~~~~~~~~~~~~~~~~~~~~ 
— -

~~ ~
‘ i~~

— -

—
~~~ ___

remove any existing oxide layer. Some samples are now in process with

implanted back contact layers to eliminate this problem in future experiments.

Figure 14 compares the effect of different annealing temperatures. The

differences are marginal although the 750°C anneal still seems to produce

diodes that exhibit the maximum collection efficiency. If these small dif-

ferences are real, they are probably due to a slight broadening of the doping

profil e at the higher temperatures. This reduces the built-in electric field

due to the doping gradient .

Four-point probe measurement s of the sheet resistance of the implanted

n-layer were made on the samples of Figure 14. The results are shown in

Table 1. The sheet resistance is a measure of the total active doping con-

centration in the implanted layer. In order to determine the total active

concentration, it would be necessary to make some assumptions about the

variation of mobility in the layer due to doping variations and residual damage.

However, there is a clear trend indicating higher sheet resistance at the

lower anneal temperatures. This indicates the possibility of some residual

damage or inactive arsenic at the lower anneal temperatures. However, the

gain behavior does not seem to be affected.

Early experiments indicated that high temperature annealing, which can

improve diode characteristics, produced undesirably thick dead layers. An

experiment was conducted in which a sample originally annealed at 800°C for

one hour (found optimum for implants through clean surfaces) was then given

a 10 minute, 950°C “hot shot,” hopefully to improve the diode . As can be
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Figure 14. Gain vs Energy Measurements for Planar Diodes. (100 kV As+

implants at room temperature 70  off axis to fluences of 1014 into
- 
10-20 ohm -cm p-type <111> silicon. All anneals were of 1 hour
duration in argon ambient.)
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TABLE 1

FOUR-POINT PROBE MEASUREMENTS FOR PLANAR DIODES 
+ANNEALED ONE HOUR IN ARGON, IMPLANTED WITh 100 kV As

TO FLUENCES OF i~’~ ions/cm
2 THROUGH 800 A THERMAL Si02

Anneal Temperature Sheet Resistivity
Sample (°C) (ohm/square)

A58A 750 2253

A59A 800 1985

A58B 850 1886

A6OA 900 1736

seen in Figure 15, the “dead layer” thickness was not optimum and the diode

was noisy and not of high quality.

Since it is possible that a p4 surface will have better writing properties

than an n~ surface, there is a cont inuing interest in developing a p~ on n

planar diode collection diode as well as the n4 on p diode now under develop-

ment . Earlier work during the first quarter with boron implants gave poor

results. Based on the modeling and experimental work with As4 implanted

samples, it is now known that a high built-in electric field at the surface is

required for hi gh gain . This field can be achieved by producing a steep

doping gradient near the surface. One way to achieve a doping gradient near

the surface is to implant through an oxide film of sufficient thickness to put

the peak of the implant distribution at or on the Si02 side of the Si-Si02 inter-

face . This has been found to significantly improve the arsenic implanted

results (see Second Quarterly Report). To test this method, boron samples

were prepared by room temperature boron implantation at 50 keV through
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Figure 15. Gain vs Energy Measurements for 100 kV As+ Implanted Planar

Diode. (Implantation was for i~ ’~ ions/cm 2 th rough 800 A oxide
into 10-20 ohm-cm p-type <111> silicon. Anneal was for 1 hour
at 800 °C, then 10 minutes at 950 °C in argon ambient.)
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0. 26 ~ of thermal Si02. The fluence was i~ ’~ cm 2, 7° off axis. The mate-

rial was 10-30 ohm-cm p-doped -(111> float zone silicon. The samples were

annealed at 900°C for 1 hour in argon to maximize the number of active sites

as well as to remove radiation damage. Boron is known to require a relatively

high temperature to activate all the boron atoms.

Figure 16 shows the measured gain vs beam energy. The results are

very good with the gain at 2 keV as high or higher than for any of the arsenic

samples. Data taken on two different days are shown. These look like very

attractive substrate planar diodes . Further experiments on this type of

structure are planned for the next quarter . As discussed in a following

section, a p~ on n structure may have some advantages for writing depending

upon the writing mechanisms that are actually taking place.

To understand the reason for these good results, the gain behavior was

modeled using the carrier transport model developed during the second

quarter . The doping profile used is shown in Figure 17 . This is based

primarily on the experimentally measured doping profil e for 50 keV boron

implants at 1015 cm 2 at room temperature after a 30 minute anneal at

900°C . [2] The solid point s are some of the experimental points measured by

Crowder et al. [2] by radioactive tracer techniques. Similar profile s have

been measured by various methods for 40 or 50 keV boron implant s by other

workers [3, 4, 5]. The steeper part of the profile is inferred primarily from

Reference 3.
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Figure 16. Gain vs Energy Measurements for 50 kV B4 Implanted Planar
Diode . (Implantation was for i~ ’~ ions/cm 2 through 2600 A ox-
ide into 10-30 ohm-cm n-type <111> silicon. Annealing was
for 1 hour at 900 °C in argon ambient.)
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The profile that is obtained for implantation through an oxide is assumed

to be the profile that would result if 0. 26 ~.L of silicon were removed from the

profile shown in Figure 17. This is what was observed for arsenic implanta-

tion by Schwettmann [1]. Boron profiles of the general type shown in

Figure 17 have been observed to be almost independent of annealing tem-

perature up to 950°C, where diffusion becomes important. Also, the profiles

are approximately what would be expected from LSS (Lindhard, Scharff ,

SchiØtt ) theory, indicating that anomalous diffusion or channeling processes

might invalidate the simple assumption made about the effect of the oxide

during implant.

Figure 18 shows the calculated collection efficiency vs beam energy for

the profil e in Figure 17 assuming that 0. 26 ~ of silicon has been removed.

This corresponds to implantation through 2600 A of oxide . For comparison,

one curve is also shown for implantation into bare silicon. As can be seen,

the result s are very different because of the potential well effect of the pro-

file near the surface in the no oxide case . The solid point s in Figure 18 are

the measured collection efficiency for the sample B 1OA fabricated as de-

scribed earlier . The agreement is reasonably good. The poor agreement

at higher beam energies is probably due to some problem with the diode,

possibly the contact problem described earlier or recombination in the diode

depletion region on the reverse side of the diode. The higher gain data shown

in Figure 16 may reflect an unusually lower recombination velocity or a

measurement error. This high collection efficiency could not be repeated
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and these data points were not included in Figure 18. Further study will be

necessary to fully characterize this structure . However, the initial results

are very encouraging.
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ure 5. The solid curves are for implant through a 0. 26 ~oxide and the dotted curve for implant into bare silicon. Prep-
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SECTION IV

ION WRITING

Experimental archival memory devices written using a variety of implanted

inert ions for writing have corroborated the second quarter suggestion that ion

damage, as well as ion doping, may be a viable means of recording information

on the target for electron beam readout .

Implants of Ne4, Ar 4, Xe4, Kr4, as well as Ta4, and the previously stud-

ied He4, were performed to gain more information as to which ionized atoms

or molecules are best suited for writing as well as the actual mechanisms by

which the target is altered sufficiently to result in modulation of readout cur-

rent .

For these studies, planar diodes were prepared from 10-20 ohm-cm p-

type <111> silicon, which was implanted with 100 keV As4 ions, 7° off axis at

room temperature to a fluence of 1014 ions/cm 2. After annealing for one hour

at 770 °C in an argon gas ambient , mesa diodes were formed on the surface

using a silicon etch. The samples were then coated with resist and patterned

using the standard Air Force test pattern . These samples were then implanted

with He+, Ne4, Ar4, Xa+, and Kr4 to fluences of 5 x 1010, 1011, 1012, and 1013

ions/cm2 at energies of 30, 55, 100, 270 , and 195 keV, respectively. Except

for the deep penetrated helium (limited to 0. 2 ~-i at lowest available in-house

ion implantation machine energy), ion beam energies were selected to put the

estimated peak of the ion range distribution at 0. 1 ~t . The resist mask was

stripped in hot sulfuric acid (the resist surface cross-links as a result of the
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exposure to radiation, making even thick coatings difficult to remove), and the

wafers cleaned for insertion in the scanning electron microscope.

Figure 19 indicates the results of SEM (scanning electron microscope)

studies of gain as a function of reading electron beam energy for various writ-

ing fluences of 55 key Ne4 ions. Open data points show results for measure-

ments made in unwritten areas on the planar diode surface, while solid points

refer to written areas receiving the indicated writing fluenc e. Even for as

low a fluence as 5 x 1010 ions/cm 2, good readout is possible, as seen in the

scanning electron micrograph of Figure 20, showing a planar diode signal, and

in Figure 21, showing a scope trace of written and unwritten bars. The re-

verse bias characteristic of the planar diode for this sample is shown in Fig-

ure 22 .

The results of a parallel set of experiments using 100 keV Ar4 are shown

in Figure 23. Again, good gain modulation is apparent , even at the lowest

fluence . Similar results for Xe4, Krt and Ta4 are given in Figures 24. 25,

and 26 with the He4 data following in Figure 27 .

A number of other writing experiments are either already underway or

being contemplated for completion during the fourth quarter . The goal is not

only the selection of appropriate ion writing species and implant conditions,

but also the determination of the actual mechanisms at work which result in

written areas easily read out by the electron beam.

In creating ion affected areas which trap the electron beam generated

carriers, several effects may be simultaneously at work. The interaction
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Figure 19. Gain vs Electron Beam Energy Measurements for Written and

Unwritten Areas. [Formed by imp lantation of 55 keV Ne+ into
sur face s of planar diodes formed by 100 keV As + implantation
in 10-20 ohm-cm p -< l l l>  silicon , annealed at 770 °C 1 hour
in argon ambi ent. (Solid points indicate written areas; open
points indicate unwritten areas .) )
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Figure 20.  Scanning Electron Mic rograph Showing
Collection I) iode Signal at 3 keV for Sam-
ple A -2 5 A , W r i t t e n  w ith 5 ~ 10~° ions/ cm 2
55 keV Ne~
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Figure 21 . Scope Trace Showing Collection Diode Signal Read
at 3 keV from Sample A25A, Written with 5 x 1010

ions/cm2 55 keV Ne4
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(Formed by 100 k eV  •-\s + imp lan t annealed at 770 °C 1 hour in argon
gas ambi ent.
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Figure 23. Gain vs Electron Beam Energy M easurements for Writte n and
Unwritten Areas. [Formed by implantation of 100 keV Ar+
into surfaces of planar diodes formed by 100 keV As+ implan-
tation at 10-20 ohm-cm p - < l l l >  silicon , annealed at 770 0C
1 hour in argon ambient. (Solid points indicate written areas;
open points indicate unwritten areas .) ]

45

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
-
~~~~~~~~~-~~~ ~~~~~~~~ 

-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ________



— 
_~___~~. r — ~~~~~~~~~~ — —

- - - - -
~~~

-
~~~~~~ 

— -- - 

— - -

1400

A £ 10 ” Xe 1-/cm 2 A344
1200 — a I 5 X 10 10 X e+/ cm 2 A334

1000 —

GAIN

800 —

600 —

400 —

200 —
A £
a

I I
0 ‘ £- I

0 I 2 3 4 5 6
BEAM ENERGY ( keV )

Figure 24. Gain vs Electron Beam Energy Measurements for Written and
Unwritten Areas. [Formed by implantation of 270 keV Xe+
into surfaces of planar diodes formed by 100 keV As+ implan-
tation in 10-20 ohm-cm p -< l l l>  silicon, annealed at 770 °C
1 hour in argon ambient. (Solid points indicate written areas;
open points indicat e unwritten areas. ) J
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Figure 25. Gain vs Electron Beam Energy Measurements for Written and

Unwritten Areas. [Formed by implantation of 195 keV Kr+
into surfaces of planar diodes formed by 100 keV As+ implan-
tation in 10-20 ohm-cm p-<l l l> silicon, annealed at 770 °C
1 hour in argon ambient. (Solid points indicate written areas;
open points indicate unwritten areas. )]
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Figure 26. Gain vs Electron Beam Energy Measurements for Written and Un-
written Areas. [Formed by implantation of 340 keV Ta-f into sur-
faces of planar diodes formed by 100 keV As+ implantation in
10-20 ohm -cm p -< l l l>  silicon, annealed at 770 °C 1 hour in argon
ambient. (Solid points indicat e written areas; open points indicate
unwritten areas . )]
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Figure 27. Gain vs Electron Beam Energy Measurements for Written and Un-
written Areas. [Formed by implantation of 30 keV He+ into sur-
faces of planar diodes formed by 100 keV As+ implantation in
10-20 ohm-cm p-<lll> silicon, annealed at 770 °C 1 hour in argon
ambient. (Solid points indicat e written areas; open points indicate
unwritten areas.
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between incoming ion and crystalline substrate results in radiation damage,

a simple term for an incredibly complicated phenomena . The energetic in-

coming ion strikes the substrate, shearing covalent bonds, bumping substrate

atoms off lattice sites, forming an array of defect s, and stripping carriers.

These phenomena provide the means for ion writing on an archival memory

target, since the resulting defect s in their various charge states cause the

trapping of the carriers generated by the reading beam.

As described in the early part of this section, the writing efficiency of

inert gas ions of varying mass or atomic number was investigated using

standard archival target s by measuring the diode gain in the written (G~~) and

the unwritten (Gu ) areas as a function of beam energy . The ratio Rw =Gw/Gu
is plotted in Figure 28 at a beam energy of 3 keV vs ~~ where F is the inert

gas ion fluence. As discussed in Section II, such a plot should yield approx i-

mately straight lines. The agreement between this prediction of the model is

very good. Using the results summarized in Figure 10, these data can be

used to determine the lifetime reduction due to the damage writing. Let

= K  x F x  ~~~~~~-

T
0 

T~ 0

where T
0 is the preirradiation value and is the minimum lifetime due to the

irritation with an ion beam of energy E1, fluence F and a projected range of R~~.

Normally, T0
> T and T

0 
is ignored. This is a very simple approximation which

assumes that the ion beam produces uniform damage or lifetime reduction in

a region from the surface to the peak ion penetration depth R~ . In the earlier

calculation on which Figure 10 is based, the ion damage profile was assumed
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Figure 28. Written/Unwritten Gain vs Inert Ion l- luence
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to be Gaussian, and the peak damage was placed at 0. 08 ~i below the surface.

This calculation showed that to a very good approximation, the normaliz ed

gain reduction could be represented by:

Rw = exp (.-W//~~T~ ) (5)

Since it is expected that the ion peak depth, R~ . is larger than the damage

peak depth, d~. the identification of R~ as the maximum depth of significant

damage is reasonable. Hence in Eq. (5) we identify W = R~ and use D = 5 cm2
/

sec as is appropriate for holes in silicon doped to 1 0~” cm~~. This would also

have been a more appropriate choice for D in Figure 10 and would have re-

sulted in a value of W = 0. 11 ~i which is consistent with the above discussion.

Hence using Eq. (4) with i = and Eq. (5) with W = R~ and D 5 cm2/

sec, the damage constant K0 can be determined for each ion species. The

result of this calculation is shown in Table 2. The data in Figure 28 are

for one energy for each ion, so that the implied energy dependence in Eq. (4)

has not been established and Eq. (5) has been verified by computer simulation

only for one damage depth d~. Hence at this point the constant K0 should be

regarded as having been established only for one beam energy for each ion

as indicated in the table. The data in Table 2 were derived from the 3 keV

electron beam data.

The dependence of K0 on atomic number in Figure 29 shows that the

increased writing efficiency noted for the heavier ions cannot be attributed

simply to their higher energy loss rate in the material, since this effect is

removed by the definition of K0. Hence higher Z ions are essentially more

damaging to silicon. This is not surprising since the heavier ions lost more
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TABLE 2

CALCULATED DAMAGE CONSTANT K0

K0E1 Ep , cm3 
~Ion Z (keV) (~.t) ~sec keV/

X 54 270 0. 1 2. 0 x i0~~e
K 36 195 0. 1 1. 3 x i0~~r
A 18 100 0. 1 0. 33 x i0~~r
N 10 55 0. 1 0. 38 x i0~~e
H 2 30 0.2 3.6 x 10 9

e
ene rgy through nuclear collision and, in addition, the heavier ions produce

higher energy silicon secondaries and tighter clusters of damage with more

complex defects. These defect clusters might be expected to contribute sig-

nificantly to lifetime reduction in the material, especially if these defect

clusters produce collecting or depletion fields due to carrier c~ rr1pensation

associated with the defects.

These data on writing efficiency will be used during the fourth quarte r

in designing high density writing experiments. The concept of K0 will permit

scaling of the writing data to other ion beam energies.
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Figure 29. Damage Constant (K~ ) vs Atomic Number (Z)
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Section V

ALLOY JUNCTION EXPERIMENTS

THE ALLOY DIODE

There are two distinct mechanisms by which the “alloy diode” can invade

the collection region of the substrate and so reduce collection efficiency :

• The first method depends upon a metal semiconductor alloy in which

there is a substantial fraction (~ . 10% ) of semiconductor contained at

the eutectic temperature. This has the advantage that the eutectic

temperature need only be reached (not exceeded) to create a physical

intrusion of eutectic alloy into the collection region. Most of the

candidates for this approach have large solid solubilities of the

semiconductor in the metal slightly below the eutectic temperature

creating a potential problem with thermal bias. These possible de -

gradation effects are presently being investigated experimentally.

• The second method depends upon the creation of a heavily dope d

surface layer which would provide an electric field to oppose that of

the collection region. In this case, the extent of the invasion of the

collection region is determined by the collection diode doping level

and, to a lesser extent, by the thickness and doping density of the

surface regrowth layer. The existence of a “ regrowth” layer re-

quires that the eutectic temperature be exceeded by an amount suf-

ficient to dissolve 10 1 or more of semiconductor in addition to that

required for the eutectic concentration. The most important advan -

tage of this method is that It permits the use of a large number of
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metal semiconductor combinations and allows the choice of nearly

any temperature range. In many cases, it would be necessary to

dope the metal with a few percent of the dopant desired for the semi-

conductor regrowth layer. The most important consideration for

the success of this approach is that the metal dissolve a useful quan-

tity of semiconductor ~~. 10 1) at a temperature not too far above the

eutectic. Unfortunately, some otherwise useful alloys such as Ge-In

and Ge -Ga take up very little germanium until considerably higher

temperatures. The Ge-Sn combination at T = 232°C may be superior

in this respect.

The use of a low temperature alloy process has two major advantages:

1. Little or no thermal bias would be needed.

2. The temperature would be low enough to permit immediate reading

of the diodes for verification.

A possible disadvantage is the fact that the wafers would be more sensi-

tive to accidental temperature increases. The written memory could however

be made more durable after writing by simply etching off the metal. We be-

lieve that the great advantage of being able to read while writing at the same

station with the same electron optics, and even the same beam with reduced

current, could be so valuable to the overall system design as to outweigh this

disadvantage .

COMPUTER MODELING

As an aid to understanding the factors involved in the alloy diode approach

and to help design and interpret the electron beam writing expe riments, two
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computer programs are being used. Both are quite detailed and specialized

and are expected to provide reliable quantitative information. They have al-

ready had some influence on our thinking as will be described below.

The purpose of the first computer program is to study the ef fec t of a thin,

heavily doped surface layer on the potential and electric fields in the collection

region. In this way it should be possible to dete rmine the ideal collection

diode doping profile . If the collection diode surface is too heavily doped,

even a very heavily doped surface layer would have little effect on the collec-

tion probability.

An existing compute r program [6J was modified to accomplish this end.

The program provides a numerical solution to the one-dimensional Poisson

equation near the surface in a semiconductor.

~~~ p(x , o) (6)
dx2

where 0 is the potential, X is the distance from the semiconductor surface and

p(x , ~
) is the charge density. The simplifying assumptions made are~

1. Parabolic bands with one density-of-states effective mass for electrons

and another for holes

2. Band structure and impurity energy independent of doping density

3. Quasi-equilibrium: all occupation probabilities related to a single

Fermi energy

Fermi-Dirac statistics are used throughout and any impurity profile may

be used. The outputs of the program are :

1. Potential vs distance
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2. Field vs distance

3. Electron and hole concentrations vs distance

4. The above for different surface potentials and fields

5. MIS (Metal Insulator Semiconductor) C(V) curves for the system (with

insulating film ) in both depletion and inversion modes

6. The expected result of a deep depletion profiling measurement [7]

7. Surface channel carrier concentration

The program was originally designed for ion implantation studies and has

built-in provision for background doping plus Gaussian implant profile s with

adjustable ionization energies (one donor and one acceptor) . An additional

donor and acceptor with separately adjustable energies and arbitrary profiles

are readily included.

In the present application, the collection diode has been mode led with

lO’5/ cm 3 boron background doping and a Gaussian arsenic implant of 10’4/c m2

fluence centered 402 1 outside of the silicon. This corresponds approximately

to a 100 ..eV implant through 800 1 of Sj O2 (using LSS theory)[8]. The semi-

conductor surface band diagram (potential vs distance from the surface) is

shown in Figure 30. On the same figure is shown the effect of the addition of

a very thin, heavily doped, alloy regrowth surface layer consisting of 2 x 1012/

cm2 acceptors . The surface laye r has substantially reduced the collection

field everywhere and has reversed it (created a “dead” layer) within 300 A of

the surface. An increase in the alloy regrowth doping density or decrease in

the implantation fluence could greatly increase the width of this “dead” layer.
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Figure 30. Surface-Adjacent Silicon Band Edge Ene rgies Plotted vs Distance
from the Surface. (The shift due to a surface alloy regrowth con-
taining 2 x lO ’2 /cm2 donors is shown. In this diagram, no bias is
applied to the collection diode whose metallurgical jun ction is only
500 A from the surface. )
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Figure 31 shows the electric field for the same configuration with and

without the regrowth layer. Note that in both Figure 30 and Figure 31, the

collection diode is shown unbiased. The metallurgical junct ion is only 500 1

from the surface .

The example shown here is based entirely on LSS theory [8] for the ion

implantation configuration. Our next calculations will confo rm to the correct,

experimentally measured doping profiles in which the implantation is typically

more diffuse and the metallurgical junction is deeper.

In an effort to examine the influence of material parameters, electron

beam characteristics, and target geometry on the temperature vs time and

space of the target, a second compute r program has been written. It is a

cell -type program to solve the basic heat equation :

= V2u + (
~
)
~ 

(7)

(
~
) is the change in temperature due to absorbed ene rgy from the electron

beam. Here u is the temperature, t = time, K = thermal conductivity, c = specific

heat, D = density. The quantity cD is the volume specific heat which is about

1. 65 J/cm3 °C for most materials. The quantity K/ CD is the thermal diffu-

sivity. Because of the radial symmetry of the present problem, Eq. (7) was

reduced to two dimensions by transforming to cylindrical coordinates in

which it becomes:

du K Ii d I du\ (d2u\ 1 (du\

~~~~~~ 
Lr W  ~~~~~~~~~~~~~~~~ 

(8)

The coordinate Z is the depth into the target and r is the horizontal distance

from the vertical electron beam axis.
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Figure 31. This Is the Same Case as Figure 30, Except that It Is the Electric
Field (-V0) Which Is Plotted
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The program permits the use of differen t materials with different (and

temperature-dependent) parameters. It also permits phase changes during

heating with associated latent heats. Heat input is generated with an arbitrary

(but radially symmetrical) powder density input pattern and is lost by conduc-

tivity into the substrat e and radiation from its surface.

Initial trial calculations have been performed to observe the effect of

changing metal and semiconductor thermal conductivities. The conductivity

of the metal was found to be much more important to the resulting temperat u re

distribution. Further trials are necessary before it would be prudent to quote

actual temperature increases.

However, thi s program is simply to make quantitative the qualities we

already know. An examination of Eq. (7) reveals how the quantities involved

can be scaled. If we ignore phase changes and variations of material pararn-

eters with temperature, then power , size, and temperature scale as follows

(steady state) :

AU-~K P / X  (9)

where P total input power , X is a linear scaling dimension, and AU is the

final temperature increase of any given position. So there are really only

three parameters of any importance rn achieving a large AU:

1. Thermal conductiv ity .~ Having a very low thermal conductivity serves

a dual purpose. it allows a large temperature inc rease, and equally

important, provides adjacent bit thermal isolation. The increased

AU does little good if nearLy bit sites are overheated.
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a. Metal film. In addition to choosing metals with low K, the effect

of the K can be greatly modified by deposition parameters. In

experiments during this quarter, we observed a 5X reduction in

electrical (and therefore thermal) Conductivity in our sputtered

1000 A aluminum films compared with evaporated films. We

intend to devote further effort to exploit these surface topography

effects. Also, the introduction of small amounts of selected im-

purities can greatly alter K without seriously affecting the alloy

properties.

b. Semiconductor. The relatively (to silicon) low K of germanium

has already been noted. We believe that this value is low enough

to allow an adequate AU, but if fu rther reduction proves to be

necessary, it is possible to reduce K by more than 5X by using

a Si-Ge alloy [9]. The associated reduction in carrier mobility

would not be intolerable.

2. Power input. For a given dimension of device, the best way to increase

power density input is to increase the density of the material s used so

that they will have increased stopping power for the electron beam .

This pe rmits using a higher voltage beam to irradiat e the same volume.

3. Device size.

a. Beam spot size: This is perhaps the most critical parameter of

all. The Coates and Welte r field emission write station should

produce focused spots 1000 A in diameter at 3 to 5 ke V. Field
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emission sources have the potential to be imaged to much smaller

diameters.

b. Use of a heavy metal (e. g.,  ind ium, tin, etc. ) will permit using

a thinner metal film on the surface with resulting greater con-

finement of the beam power.

ALLOY JUNCTION - EUTECTIC WRITING EXPERIMENTS

During the first six months of this contract, alloy junction writing exper-

iments were performed using a Q-switched Nd: YAG laser as the energy beam.

The laser equi pment (Electro Scientific Model 25 laser trimmer) is computer

controlled for:

• x-y specimen position

• laser pulses per specimen position

• laser power delivered per pulse

The equipment, therefore, permits a multiplicity of operating conditions.

The experimental effort conducted during the first two quarters was aimed

at demonstrating that alloyed bit sites could be formed with the beam energy

of a laser. The meniory substrate selected for the experiments was a silicon

n-p planar diode coated with a thin aluminum layer. A descri ption of the ex-

periments and the results obtained are detailed in the first two quarterly re-

ports. The following paragraphs summarize the important achievements

during the first six months.

During the first quarte r, it was shown that junction writing could be

accomplished using multiple pulses of the laser beam . Single laser pulse
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writing of typically 150 nsec duration was also demonstrated. Memory-type

readout was successfully shown from laser irradiated areas before and after

removal of the aluminum layer. A Cambridge Mark h A  stereoscan electron

microscope was used to read out the alloyed bit sites. These experiments

verified that writing could be achieved on a time scale compatible with a —

bits/sec writing rate.

Average and peak power measurements were made for the laser beam

over its full range of operation. Based on these measurements, it was es-

timated that power densities in the range of i07 to 108 W/cm 2 were used in the

writing. Considerable surface dam age of the aluminum layer was evident in

written areas indicating that power well in excess of that required for eutectic

alloying was used. Angle lap and stain measurements of the written areas

further confirmed thi s by showing aluminum at depths of 5 to 6 -~ 
below the

Al/n-Si interface. Anticipated depths for eutectic alloying are expected to be

approximately 1/3 to 1/2 of the thickness of the aluminum layer or approxi-

mately 300 to 500 A.

Based on the achievements of the first quarter, experiments during the

next three months were aimed at demonstrating eutectic alloying of the written

regions, again using the laser system. Means for reducing the laser beam

energy and at the same tim e maintaining stable operation became a problem.

The power measurements mad e earlier showed considerable variation in the

pulse amplitude, and hence the peak power from pulse to pulse. Thi s power

variation, coupled with the lack of dat a for the reflectance and thermal prop-

erties of the sputtered aluminum layer , made calculations of the target
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temperature rise as a function of laser operating point virtually impossible.

In view of these diffi culties in predicting the target temperature rise as a

function of laser energy, the laser system was set at its most stable operating

point and the beam energy reduced in controlled steps with Schott glass neutral

density filters. At each filter valve, a 10 x 10 array of spots on 20 i t  centers

with 10 pulses per spot was exposed. The range of filter produced laser ex-

posure variations from those showing visible surface damage to the aluminum

layer to no visible surface damage. Memory readout was obtained at all of

the filter settings. Thi s implied that eutectic alloying had been achieved be-

cause the aluminum surface was not melted at the highest filter setting, yet

a laser affected area was observed with target readout. This was further

confirmed by target gain vs read beam landing energy measurements. These

measurements were found in agreement with the target model and indicated

writing depths on the order of 500 A as expected for eutectic alloying.

The eutectic alloying experiments during the second quarter were ac-

complished with 10 pulses per spot. The third quarter laser writing experi-

ments were aimed at demonstrating eutectic alloying with a single laser pulse

per spot. This was accompli shed with the Al-Si target previously used.

Laser writing was also demonstrated this quarter using a Au-Si target as

previously proposed in the First Quarterly Report. The third quarter ex-

periments and the results of these experiments are described in this section

of the report.
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LASER WRITING EXPE RIMENTS

The laser writing experiments were conducted again thi s quarte r using

the Model 25 Electro Scientific Industries laser trimmer, which is described

in detail in Section VI of the First Quarterly Report. Readout and analyses

of the written areas were done on the Cambridge scanning electron microscope.

The operating parameters for the laser were the same as those used in the

second quarter eutectic writing experiments, since they produced the most

stable beam. The lamp drive current was 22 A, Q-switch rep. rate 2 kHz ,

60 mil aperture and 10~ beam splitter. A photograph of the laser output pulse

for these conditions is shown in Figure 32. The laser was programmed to

produce rows of single pulses per spot. A typical full width at half maximum

pulse width of 150 nsec is achieved at thi s operating point.

The first experiments were conducted on an Al-Si target. The substrate

was a planar n on p silicon diode. Resistivities of the n and p layers were

1 ohm-cm and 400 ohm-cm respectively. The n layer thickness was 2. 8 ~~~.

The top surface of the n layer was plasma etched and sputter coated with

1000 A of aluminum to remove and prevent regrowth of the native oxide layer.

A cross section of the target is shown in Figure 33.

With the aforementioned operating conditions for the laser, rows of single

pulse per spot laser writing was done at the neutral density (ND) filter valves

shown in Figure 34. Laser writing was started using a 0. 1 ND filter and in-

creased in steps endiiig with a 0. 7 ND filter. The last visible writing as

viewed on the laser video moni tor occurred with a 0. 6 ND filter. One further
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10 9 8 7 6 5 4 3 2 I LINE NUMBER
o 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
o o 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0

0.1 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.1 0.1 ND-FILTER
Figure 34. Sketch of Single Pulse per Spot

Laser Pattern for Al -Si Target
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step was recorded using a 0. 7 ND filter followed by a line of spots using a

0. 1 ND filter.

The target, with metal layer intact, was read out using the Cambridge

scanning electron microscope. The planar diode signal was used to z modulate

the SEM display. As shown in the photograph in Figure 35, memory readout

was obtained at all of the laser energies employed. Even though this is the

most stable operating point for the laser, there is still considerable power

variability as can be seen from the planar diode signals at various filter fac-

tors. Target gain was measured at 10 kV beam energy for a representative

spot for the neutral density filter valves. These dat a are plotted on the curve s

for gain vs beam energy calculated with a one-dimensional target model as

shown in Figure 36. Thi s model is described in Section II of the Second Quar-

terly Report and was used in Section V of that report for the analysis of alloy

writing depths. As noted in Section V of that report, there is an excellent fit

between the model and experimental curves for beam energies greater than

7 kV. Using the gain vs beam energy curves for the model, the gain vs dead

layer thickness curve at 10 kV shown in Figure 37 was developed. The mea-

sured gains at 10 kV for the laser written spots were used in conjunction with

Figure 37 to estimate the dead layer thickness, TD, for each written area and

the aluminum layer itself. The writing depth, WD, was estimated by sub-

tracting the dead layer thickness for the aluminum layer from the dead layer

for the written area. The dat a for the written areas are summarized in

Table 3.
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Fi gure 35. Planar Diode Readout
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l igure 36. Target Gain vs Beam Landing Potential
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TABLE 3

WRITING DEPTHS FOR SINGLE PULSE LASER WRITTEN
SPOTS BASED ON THE ONE-DIMENSIONAL TARGET MODEL

Gain at 10 kV TD WD Target Area
(~~) 4.t )

280 0. 12 0 Al-layer

151 0 . 2 6  0. 14 0. 1 ND filter

201 0. 2 3  0. 11 0. 2 ND filter

206 0. 22 0. 10 0. 3 ND filter

226 0. 19 0. 07 0. 4 ND filter

187 0. 245 0. 125 0. 5 ND filter

229 0. 185 0. 065 0. 6 ND filter

The writing depth at a neutral density filter of 0. 5 seems to be erroneously

deep. This could be due to the variability in laser power or experimental

error in the gain measurement. These targets will be reevaluated during the

next reporting period. The new Coates and Welter write station is being

equipped with a specially designed target holder and will be used for these

tests. The target stage is described in Section VI of this report.

The single pulse per spot writing depths are compared with 10 pulse per

spot writing depths from the last quarte r in Table 4. For the more deeply

written spots, the writing depth achieved with a single laser pulse per spot

seems to be approximately half that of the writing depth achieved with 10

pulses per spot. However, these data must be more thoroughly checked and

analyzed with percent modulation measurements before any conclusions can

be reached. Several possible explanations exist:

• Multipulse writing driving the dead layer deeper

• Reflectivity changes of aluminum surface from pulse to pulse
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TABLE 4
COMPARISON OF WRITING DEPTH WD FOR SINGLE

PULSE PER SPOT AND 10 PULSE PER SPOT LASER WRITING

ND Filter WD (ii) WD 4~
)

1 pulse/spot 10 pulses/spot

0.1 0.14 0.24

0.2 0. 11 0.21

0 .3  0. 10 0. 22

0 .4  0. 07 0 .14
0.5 0.125 0.08

0.6 0.065 0.05

• High thermal conductivity effects on multi pulse mode

• Laser power variations from pulse to pulse

As can be seen from the experimental results, a more thorough inves-

tigation of the single pulse per spot writing and the multipulse per spot writing

must be made. Thi s is planned for the next quarter and will be done with the

new Coates and Welter field emission write station. However, laser writing

with a single pulse per spot with no visible surface damage to the aluminum

layer was achieved. This, in conjunction with the writing depths at the lower

laser beam energies, indicates that the main goal of this quarter (i. e ., eu-

tectic alloying with single pulse per spot) was achieved.

In addition to the single pulse per spot writing on the Al-Si target just

described , laser writing experiment s were conducted on a Au-Si target. It

was pointed out in Section VI of the First Quarterly Report, that other metal

semiconductor systems such as Au-Ge, or Au-Si might be useful for alloy

targets based on solubility considerations at the eutectic point. The writing
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and readout method for these systems would depend on preventing electron

hole pair generation in the written region because the area is actually a metal

or metal with semiconductor crystallites imbedded.

In order to test thi s concept, a Au-Si target was made in the same manner

as the Al-Si target except that the metal layer was 1000 A of sputtered gold .

The laser operating conditions were the same as those used for the Si -Al

target. Again single pulse per spot exposures were made. Fifty lines were

exposed at a neutral density filter value of 0. 1 and then single lines covering

the neutral density filter range from 0. 1 to 0. 4 as shown in Figure 38 were

exposed. At the highest filter factor of 0. 4, writing was no longer visible on

the laser television monitor. Planar diode readout was observed using the

Cambridge scanning electron microscope (Fi gure 39) . No further tests were

made on this target. However , it can be concluded that memory-type readout

can be achieved with metal-semiconductor systems other than the conventional

semiconductor dopant metals such as the Column III metals.

During the next reporting period , laser written targets will be evaluated

as described. In addition, electron beam formed bit sites will be written using

the Coates and Welter field emission column. Initially, silicon substrates will

be used, foliowed by germanium targets.
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0 0 0 0 0 0 0 0 0 0 0 0  O ONE LINE O.4ND
Figure 38. Sketch of Single Pulse per Spot Laser Pattern for Au-Si Target
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SECTION VI

— ALLOY JUNCTION EXPERIMENTAL WRITE STATION

INT RODUCTION

The alloy junction storage concept consists of the use of a finely focused

electron beam to locally heat a substrate to form an alloy between a thin sur-

face layer metal and a semiconductor. Several interrelated expe rimental

studies are planned to determine the applicability of this approach as a viable

memory . As a first step, a laser was used as the energy beam . The laser-

fo rmed bit sites proved that single pulse, localized beam heating could alloy

suitable materials at the eutectic temperature. This does not necessarily

prove that electron sources can deliver enough energy in the time frame to

form an alloy. Experimental verification of an electron beam ’s capability is

deemed necessary.

Very early in this phase of the contract , a field emission electron beam

write station was specified and contracting officer approval granted for its

purchase. An order was placed June 1976 with the Coate s and Welter Instru-

ment Corporation for the column and associated drive electronics and power

supplies. A 120-day delivery promise was received .

Specification of the electron beam requirements for forming alloy junc -

tions is an integral part of the Phase I study. Th erefore, the analysis to

determine the optimum configuration for an electron beam column had not

been undertaken at the time it was necessary to place an order. The approach

chosen for specifying the column was to describe the beam requirements in
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terms of beam current and spot size to meet theoretical estimates of beam

energy necessary to effect the alloy. The method of selection and specifica-

tion of the column is described in detail in the First Quarterly Report . The

basic specifications for the column are:

1b = beam current � 150 nA

d5 = 1000 A = spot size

= landing potential = 3 kV � � 5 kV

This equipment was delivered during the third quarter of the contract 
- 

-

period and made operable . Modifications to the equipment for alloy junction

writing experiments have been started and many are complete. This section

of the report describes the write station, it s performance to date, and the

status of modifications for alloy junction expe riments.

ELECTRON BEAM WRITE STATION ~1j

The Coates and Welter Instrument Corporation modified the electron op-

tics of a Model 104A scanning electron microscope to meet the spot size and

beam current requirements at low beam landing energies required for alloy

junction writing. A photograph of the equipment is shown in Figure 40 and a

column schematic diagram is given in Figure 41. The column has a field

emission electron source housed in an ultra high vacuum region that is both

internally and externally pumped to a pressure of 10 b0 to iO~~ Torr. The

gun chamber is differentially pumped through a conductance limited aperture

so that the main column pressure can be approximately 1000 times greater

than the gun chamber. The gun chamber can be closed off with an isolation

valve to allow rapid changing of target samples. The first lens is a specially
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Figure 40. Electron Beam Write Station
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Figure 41. Schematic Diagram of an Electron Beam Write Station
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designed low aberration electrostatic lens, and the final lens is a high quality

low aberration magnetic lens. As delivered , the target plane accept s a stan-

dar d Coates and Welter specimen stub which is normally sloped at 45° . Ex-

ternal mechanical controls allow x, y translations of 0. 8 in. and tilt from 0°

to 100° and 360° rotation for the target sample. Beam scanning electronics

operate at normal television rates.

Several modifications were made to the column by the manufacturer which

were required to achieve the alloy junction writing requirements. The field

emission source was designed to be capable of operating in the temperature

aided field mode as well as room temperature field mode . An enlarged beam

limiting aperture was installed to meet the high beam current requirements.

Both of these modifications sacrifice normal resolution through increased

ch romatic and spherical aberrations. However, the spot size specified was

achieved. Beam blanking was added and consists of deflecting the beam off

an aperture by electrostatic deflection requiring standard T2IL (0, +5 V logic

levels ) to deflect the beam. The blanking drive electronics we re not supplied

by Coa tes and Welter; howeve r, external pin connections were provided. Ex-

te rnal scan input is also provided to the deflection amplifie rs and requires a

±2 V signal above ground. This is required in order to provide the prope r

scanning drive for alloy junction writing experiments. The normal secondary

electron collection package (i. e., scintillator, light pipe, photomu ltiplier.

and the photomonitor) was not purchased since it is not required for alloy

junction experiments. The secondary electron collection package was gener-

ously provided by Coates and Welter on a temporary loan basis to aid in the initial

setup of the equipment. The photomonitor package, however, was not supplied.

85

-
S 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - ~ - - -- - --
~~~~~ —



_____ - r —--

EQUIPMENT MODIFICATION S FOR ALLOY JUNCTION EXPERIMENTS

The column modifications described in the preceding paragraphs were

made by Coates and Welter Instrument Corporation to meet the beam current

and spot size requirements for alloy juncti on writing experiments. Electronic

blanking and deflection circuitry has been incorporated by General Electric.

Along with these, several further adaptations and modifications must be made

to the equipment to make it useful for alloy j unction target work . These are :

• Slow scan deflection drive

• Vernie r magnification control

• Sample stage for alloy junction target readout

• Heated target stage for alloy junction electron beam writing

All of these additions to the equipment’ s capabilities are in progress and are

completed or nearing completion.

As previously mentioned, the Coates and Welter instrument operates at

standard video rates. For aUoy junction writing and reading expe riments,

slower and/or variable scanning rates are required depending on the field

size and target frequency response. For this purpose, a slow scan electron-

ics drive package has been assembled and is now in operation. This package

uses a 5103N Tektronix oscilloscope with two type 5B 1ON Tektronix time base

generators to produce variable raste r scan control. The raste r can be dis —

played on the oscilloscope with line and field blanking. The individual sweeps)

with suitable attenuation, are also supplied to the exte rnal deflection amplifier

inputs of the Coates and Welter instrument for control of the electron beam.

A type 5A22N diffe rential amplifier is also included in the oscilloscope package.
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This unit can accept signals from either the target signal or at least tempo-

rarily from the secondary emission photomultiplier to z modulate the raste r

displayed on the oscilloscope. This allows simultaneous viewing of the scanned

area in the column. External banking signals for the beam, which are

synchronized with these scans, will be added in the future for specific writing

experiments.

When operating in the external scan drive mode, vernier control ove r the

magnification or field size in the column is lost. Only three coarse field size

positions are achievable corresponding to nominal lOX, b O X , and 1000X

magnifications when operated under internal scan control. A vernier magni-

fication control for the external scan drive has been built and is operational.

It subdivides the field size at each of these coarse settings into any of 10

possible smaller field sizes. The control is a dual (x, y axis) selector

switch that resistively divides both the exte rnal x and y sweep inputs. At

each coarse selection, the full field size can be achieved as well as nominal

division of this field size by the factors 1. 4, 2, 3. 2, 5, 7, 10, 14, 20 , 32. 2 ,

and 50.

A special target holder has been designed and built for readout measure-

ments of both laser written and electron beam written alloy junction surface

diodes. This target holde r is similar to target holde rs previously used in

the Cambridge Mark II stereo scan SEM for readout of laser written alloy

junction surface diodes. A photograph of the target holde r is shown in

Figure 42. The base of the holder is made of brass and can accept targets of

up to 0. 6 x 0. 6 in.2 A coppe r spring contact for making electrical connection
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Figure 42. Target Holder Used in the Electron Beam Write Station
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to the target n-layer is mounted on the outer lip of the holder. There are

also 20 mu diameter holes drilled deeply in the outer lip of the holder to pro-

vide a Faraday cup structure for beam current measurements. The brass

holder is mounted on a stainless steel stub that fits into the standard Coates

and Welter stage and therefore tilt, rotation, and translation control of the

stage are possible.

For alloy junction writing with the electron beam, thermal bias of the

target will be required. A special heated target stage has been designed and

built for this purpose. Presently the stage is being assembled into another

vacuum station for tests and calibration. A photograph of the heated stage is

shown in Figure 43. The base plate of the target holder is similar structur-

ally to the target stage described in the preceding paragraph . However, it

is made of molybdenum because of outgassing and metal semiconductor con-

sideration at the elevated temperatures at which it will operate. The moly

base plate is drilled and fitted with ceramic sleeves through which the rhenium

heating filament is threaded. Because of the elevated temperatures at which

the stage will be operated, the standard Coates and Welter specimen holder

cannot be used. A fixed stainless steel stem holds the sample stage to the

base plate where the Coates and Welter stage mounts. The target will be

held normal to the beam axis and at the proper height. Tilt and rotation con-

trol of the stage had to be sacrificed but x, y translations are still available .

Not shown in the photograph in Figure 43 are aluminum heat shields that p ro-

vide confinement of the heat to the target area. The temperature is monitored

by a thermocouple that attaches to the moly base plate. The leads are brought

out of the vacuum through a multipin header.

89

~~~~ ~~~~~~~ ~ 
— --- .

~~~~
- S



___________________________________________ 21

Figure 43. Heated Stage Used in the Electron Beam Write Station
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INITJAL TEST S

As mentioned previously, the Coates and Welter Instrument Corporation

provided the secondary electron collection unit for the electron column on a

temporary loan basis . This was indeed fortunate because it allowed operation

of the equipment immediately without having to wait for the slow scan elec -

tronics with target signal modulation. A Coates and Welter field engineer

provided initial instruction on the equipment, and several hours were logged

on the machine whereby familiarity with the operation of a field emission

column was obtained. For these purposes, a standard deposited gold mesh

electron microscope specimen holde r was used.

• The gold mesh grid allowed the operator to gain experience in focusing

and operating the column. However, it was soon replaced with the gold bars

on a chrome plate glass substrate target shown in Figure 44. An engineering

sketch of the gold on chrome bar pattern showing the pattern dimensions is

given in Figure 45. With this target more quantitative info rmation concerning

the electron optical performance of the column can be ascertained. This

target is mounted on a Coates and Welter specimen stub. There is also a

30 mu hole drilled in the specimen stub to provide a Faraday cup for beam

current measurements. A photograph obtained by secondary emission readout

from the column of a small portion of this target is shown in Figure 46. This

portion of the target consists of 5 gold bars on 15 ~t centers. A highe r magni-

fication secondary emission photo of one of the bars in this pattern is shown

in Figure 47. A small speck is visible on this bar, indicating that a reasonably

small beam spot size is being achieved. More quantitative measurements of
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Figure 44. Chrome Plate with Gold Bar Pattern Used in Beam
Focus Tests
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Figure 45. Engineering Sketch of the Focus Test Target Shown in Figure 44
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Figure 46. Secondary Emission Readout of Test Target Showing Five Gold
Bars on l5~..t Centers
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Figure 47. Secondary Emission Readout of One Gold Bar Shown in Figure 46
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spot size using the target signal modulation of the beam as it scans across

the bar pattern are planned for the near future . These photographs were

made at 15 kV beam landing energy with normal room temperature field

emission. Beam current for normal field emission was measured in the

Faraday cup and varied from 3 to 4 nA for the landing ene rgy range of 5 to

15 kV. The field size for the slow scan vernier magnification control has

been calibrated using this target. The resulting field size data are summa-

rized in Table 5.

TABLE 5
• EXPERIMENTAL WRIT E STATION SLOW SCAN

MAGNIFICATION CALIBRATION

Field Size (mm) Magnification Ratio
Step (Dial) M Dial Measured (15 kV) Calculated

10 1.0 1.610 1.0

1.4 0. 997 1.62

2 .0  0.676 2.38

3.2 0. 455 3. 54

5.0 0. 299 5. 39

7.0 0.233 7 .22

10. 0 0. 159 10.13

14. 0 0.114 14.12

20. 0 0. 081 19. 88

32.2 0. 050 32.2

50. 0 0.033 46. 79

100 1.0 0. 155 10. 39

1000 1.0 0. 0168 95. 83

Coates and Welte r personnel have also provided instruction for the tern-

pe rature aided field emission mode of operation. Investigations of the beam

current in the TFE (thermally aided field emission) mode show that stable

emission of 100 nA was measured in the Faraday cup over the landing potential
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range of 2 to 5 kV as summarized in Table 6. Higher stable beam currents

of 150 and 200 nA were also measured in this landing ene rgy range. These

data indicate that the beam current specification has been met. Spot size

measurements still have to be made.

TABLE 6

TFE BEAM CURRENT AT LOW LANDING ENERGY

Landing Potential Beam Current - -lB Emission Current--I K(LcV) (nA) (MA) Comment
2 100 245 Stable
3 100 240

4 100 230

5 100 240

Future experiments planned for the column in the next quarte r are spot

size measurements over the landing potential range of 3 to 5 kV, tests of

laser written diodes, and alloy junction writing using the finely focused

electron beam.
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SECTION VU

ARCHWAL WRITE OPTICS STUDY

INTRODUCTION

An archival storage concept has been proposed that consists of information

stored as tiny surface diodes on a large area planar diode. Two methods of

forming these surface diodes are ion implantation by focused ion beam , and

metal-semiconductor alloying by focused electron beam heating. During the

first phase of this cont ract , both of these target concepts are being eva luated

through theoretical arid experimental studies along with a paper study of the

write beam optics required for each . The result s of these efforts will then

be used to select the better memory approach for further development of an

archival memory system.

The write beam optics studies were begun during this third quarter and

are described in this section of the report . During this period , general topics

were investigated. Some of these topics are beam current capability from

resolvable and nonresolvable sources , source and lens system coupling,

source capabilities , and lens characteristics. These properties are needed

and will be used in detailed studies of the write optics configurations during

the fourth quarter.

GENERA L OPTICAL CONSiDERATiONS

When considering large-scale memories, charged particle beams emerge

as a strong candidate because they can be easily deflected, focused to small

spot sizes , and produce large power densities . Because of these character-

istics , they can interact with and alter matter in a variety of ways to produce
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high density information recor ~.ng at high data rates . The specific require-

ments on the charged part icle beam are highly dependent on the recording

medium, storage effect , and system requirements. Generally these require-

ments reduce to developing a scanning microprobe optical system with the

maximum amount of current in the smallest possible spot commensurate with

the target resolution. These measurements arise because the bit density is

ultimately limited by the spot size arid the data rate by the current contained

in that spot .

Factors that limit the minimum spot size and maximum achievable cur-

rent in a charged particle microprob e are:

• Diffraction effects

• Mechanical misalignment

F • Source brightness

• Space charge

• Geometrical aberrations

• Electronic aberrations

• Deflection aberrations

In general , these factors cannot be eliminated. However , depending on the

optical configuration and the performance requirements , these parameters

va ry in significance from negligible to beam limiting.

Currently, this research is aimed at information storage with bit sizes on

the order of 1000 A and a data rate of ~~~ bits/sec. A precont ract preliminary

analysis of the optics showed that the source capabilities arid spherical aber-

ration of the imaging lenses were the most important optical effects . Diffrac-

tion limit was well below the spot sizes of interest , and space charge effects

were also negligible . The next most important aberration was the chromatic
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aberration which is classed as an electronic aberration. Deflection aberrations

which can be classified as geometrical, i .e. ,  affecting spot size and position ,

and electronic , i. e . ,  affecting position and repeatability of the beam , are

important but not as important as the focal aberrations . The reason for this

is that deflection aberrations limit the field size achievable , whereas the focal

aberrations affect the basic probe formation. Furthermore, many of the de-

flection aberrations can be nullified quite easily by optical and electronic cor-

rections . Mechanical aberrations can be potentially very troublesome .

However , with accurate machining of optical components , good clean vacuum

practices , and possibly some stigmatic correction, mechanical aberrations

can be rendered negligible .

The precontract preliminary analysis indicated that a multi-lens probe

system would be required to provide the coupling between the source and the

desired spot requirements at the target . For the focused ion probe , this

necessarily implies electrostatic optics , as shown in Figure 48 , since the

imaging properties are independent of the ion charge-to-mass ratio . For the

focused electron writing probe , a two-lens magnetic system , as shown in Fig-

ure 49 , or possibly a short focus plus relay matrix lens system (Figure 50),

could be used. Conventional thermionic electron sources and plasma ion

sources appeared marginally useful for beam writing systems . Field elec-

tron emission and field ionization sources appeared as much more interesting

candidates. The Phase I optics studies will take a more accurate and in-

depth look at the performance of write optics configurations .
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Figure 48. Focused Ion Optics
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Figure 49. Two-Lens All Magnetic Optics
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CHARGED PARTICLE SOURCES

The fundamental building block of any charged particle optical system is

the source. It must be capable of delivering the appropriate amount of current

in a given solid angle such that the remaining optical components can achieve

proper focal conditions of spot size and beam current at the final image . At

present , the desired bit size for the archival memory is 1000 A . Therefore ,

the optics will be required to produce a final spot size less than or equal to

this . For this spot size , field emission electron sources and field ion sources

generally become particularly relevant [10J . Furthermore, research during

Phase I of this cont ract has shown that ion damage writing with inert gas ions

provides several advantages such as lower writing fluence and a wider selec-

tion of ion species for the ion implant concept . In view of these considerations ,

a detailed assessment of present electron and ion source characteristics, cor-

related with the source research at the Oregon Graduate Center , was under-

taken during this quarter and is reported here .

Perhaps the most useful quantity in describing a charged particle source

is the brightness, ~~, defined as the current , I, per unit area , dS , per unit

solid angle, dQ:

dl (10)
dcidS

The brightness normalized to the beam potential is constant along the beam

trajectory of an optical system. Therefore , brightness provides a direct

link in optical calculations between the source capabilities and the desired

image properties . For any charged particle source with a Maxwellian
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distribut ion of velocities , Langmuir[ 11] has shown that the brightness can be

expressed in terms of cathode properties as:

j eV
B 

~ rrkT 
(11)

where
= cathode loading in A/ cm2

e = electronic charge = 1.6 x 10~~~ C

V0 = beam potential in volts

k = Boltzmann constant in J/K

T
~ 

= cathode temperature in K

This equation applies to conventional thermal electron sources and ion sources

such as duoplasmatrons . This equation can also be used for field emission/

ionization sources with a suitable redefinition of the thermal transverse energy ,

k T .  However , because of the extremely small virtual source size (<50 A)~
a much more useful quantity for these sources is the angula r brightness in

A/ str. The most recent figures for brightness , as well as other parameters

of interest such as cathode loading and beam energy spread , have been deter-

mined in the Phase I optics study for the most pertinent electron and ion

sources.

There are many types of thermal electron cathodes such as W , Rh , La B6,

Ba dispensers , etc. At the General Electric Research and Development

Center , the barium dispenser cathode has been the workhorse for thermal

cathodes. The primary reason for this is shown in Figure 51 in terms of

zero field emission as a function of temperature. From these data it can
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be seen that for a given level of performance (A/cm 2), the barium dispenser

operates at a lower temperature than most other cathodes . This, coupled with

the fact that it can operate at hi gh cathode loadings (e . g., 10 A/cm 2 ) with long

life, makes it an extremely attractive cathode for high brightness sources.

At present there are two temperature-aided field emission electron sources

that provide high brightness with stable emission . These are the tungsten

(100) built-uj.~ cathode and the zirconiated tungsten cathode. Other modes of

temperature fiel d emission have not provided stable operation at present .

The important properties of the barium dispenser, tungsten room tempera-

ture field emitter, and temperature-aided field emission sources are summa-

rized in Table 7. More detailed discussion of these sources can be found in

the appropriate literature [12 , 13, 14]. As can be seen from Table 7, field

emission sources have very high brightness as compared to thermionic sources.

TABLE 7

ELECTRON SOURCE PR OPERTIES

Cathode Operating Source Energy Brightness Angular
Source Loading Temperature Size Spread at 4 kV Brightness

___________ 

(J o-A/ cm2 )  (° K) (A) 
- 

(eV) (A/ cm2/ s t r)  (A/ s t r )
Ba 3 1353 — .2 x 1C’~ 0.117 3.3 x i0

4 0.102
Dispenser 5 1393 0.121 5.3 x iU4 0.167

10 1453 0.126 105 0.314

Field 
-Emission — IO~ 300 30 A 0.20 108 3 x 10

Room
Temp.

Temp. -
Field > 10’ 1400-1800 30 A 0.7-1.0 ....1O’~ 10
Z r W  1850 < 3 0 A 0 .8-1.5 -.10~~ 10~~W(l00)
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It is, however, important to realize that this brightness is not achieved through

a high directional-intensity of the beam, as can be seen from the angular bright-

ness figures, but rather through the very small source size . Therefore, the

advantage of this high brightness over conventional sources can be achieved

only at small beam sizes on the order of 0. 1 to 1 ~.i depending on the optics

design.

Ion sources have not achieved the brightness attainable from electron

sources . Conventional ion sources such as the duoplasmatron, rf discharge ,

penning discharge, and sputtering sources are capable of very high currents

(10 4 to i0_ 1 A) but are also characterized by fairly high energy spreads and

low current densities [15]. Of these ion sources , the one most promising for

focused ion probes is the duoplasmatron. Field ion sources , either gas phase

or liquid metal (sometimes called field desorption or hydrodynamic ionsources),

present the high brightness/ low source size counterparts of field emission

sources in ion beam technology . These sources , for similar reasons , are

expected to be extremely important for focused ion beams with submicron

spot sizes. Source sizes as small as 5 A have been calc ulated for the gas

phase field ionization source [16]. Characteristics of the field ion sources

and the duoplasmatron, based on the best available figures to date, are sum-

marized in Table 8.

Currently, field ion sources have only been successfully developed using

H2, Ar, and other inert gasses such as Ne and Xe. Conventional semiconduc-

• tor dopant s such as a P. As, and B have been confined to duoplasmatrons. Ga,

InGa, and Cs ions have been obtained from liquid metal sources. However,
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TABLE 8

ION SOURCE CHARACTERISTICS

Total Current Energy Brightness Angula r
Source Current Density Spread (A/str/cm 2) Brightness

____________________ (A) (A/cm 2) (eV) 
_____________ 

(A/str)

Duoplasmatron i0~~ to 10~~ 10 2 to 1 10 < iO~ 
-

Field Ion 10~~ to 10
_ a 

Ia’ 2-5 10~ 1.5 x 10~

Liquid Metal 10
_ 8 

to io~~ --. ~~~ 10~~
Field Ion

energy spreads of up to ~i0 eV have been reported [17] along with question-

able stability . Greater development of these sourceJ is required in order

to achieve the same or better performance as the gas-phase field ion source.

New developments in both of these sources are being closely monitored at

the Oregon Graduate Center.

BEAM CURRENT CON SIDERATIONS FOR A SPHERICAL ABERRATION
LIMITED SYSTEM

As shown in the preceding section , source sizes vary over a large

range from a few angstroms to several microns depending on the source

type . Conventional sources such as thermionic electron or plasma ion

sources have larger source sizes that can usually be resolved by the lenses

in the optical column . This leads to certain conditions under which the maxi-

mum beam current can be achieved for a given source, lens system, and

desired operating characteristics. The field sources with their extremely

small source size cannot always be resolved by the lens system. The limit
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for this case is the ideal point source which cannot be resolved with any lens

with finite aberrations . For this case , the final spot size is set by the aber-

ration and the allowed half-angle of the lens system. This results in an en-

tirely different set of conditions for the probe current . These two operating

points will be examined more closely in this section.

The maximum current criterion for a resolvable source will be considered

first . Assume a generalized optical system, as shown in Figure 52, which

images an on axis source of size d0, to a final spot , d , at the image plane .

The imaging optics may be a single lens system or a multiple lens system.

How ever , for present purposes , they are assumed to be characterized by a

linear magnification, m, and an equivalent spher ical aberrat ion coefficient ,

C~~. The equivalent spherical aberration for multi-lens systems will be

considered in more detail later in this report. In terms of the param-

eters of Figure 52, the spot size at the image plane for a spherical

aberration limited system is given by:

d 2 = dg 2 -4- (1/ 4)C 52 Ø~
6 (12)

where

d final spot size at the target (cm)

dg Gaussian spot size at the target (cm)

C~ spherical aberration coefficient of the lens system (cm)

beam half-angle at the target (rad )

The beam current , I , contained within this spot is:

I = ~(rr / 4 ) d g 2 c1~ (13)

where

beam brightness at the image (A/ cm 2/ s t r)

= is the solid angle subtended by the beam at the target (~~~~ 
TTØ~~

2 si r)
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Solving Eq. (12) for dg2 and substituting in Eq. (13) gives:

.~.2 r 2 ~ 
2 61 2

I~~~ —~~ [d -~~c 5 ø~ j ø~ (14)

The current is maximized with respect to the beam half-angle as:

B [2d
2 

~~ 
- 2 C 5

2 
~ 

= 
(15)

Solving Eq. (15) for the optimum half-angle for maximum beam current gives:

opt = (d/C 5)”~
3 (16)

• Substituting Eq. (16) back into Eq. (15) gives the maximum beam current:

31T 2 
d
8/3

Imax jj~~~ ~~~~ ( 17)

Note that Eq. (16) in conjunction with Eq. (12) mandates a specific Gaussian

or geometric spot size at the target given by:

dg = (/~ /2 )d (18)

The geometric spot size at the image plane , dg, is related to the source size ,

d0, by the linear magnification m:

dg = md0 ( 19)

Therefore , in order to achieve the maximum current conditions , the magni-

fication of the optical system must be:

/~~~~~~ d (20)• m =  ~~
- 

~~
—

~ U0

The preceding analysis is based on the underlying assumption that the

spherical aberration coefficient is not a strong function of the magnification.

Thus , when adjusting the imaging system for the optimum condition (Eq. 20) .
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the spherical aberration is not strongly influenced by m, and the beam current

(Eq. 17) is severely reduced. This condition is easily satisfied for demagni-

fying systems (m<1) since C5, in general, has a poiynomial dependence on the

magnification. However, for a magnif ying system (m>1), C~ changes so

drastically with m that the beam current can be severely reduced. The end

result is that more current can be achieved at an operating point other than

that prescribed by the maximum current conditions predicted here. Thus the

conditions for maximum current outlined in the preceding section can be ex-

pected to apply to demagnifying op tical systems using a thermionic emission

sou rce or duoplasmatron ion source that has large source sizes. On the other

hand , this analysis is not expected to apply to field electron and ion sources

which have very small source sizes and will have to operate with magnifica-

tions greater than unity for the spot sizes of interest here.

As an extreme case of a nonresolvable source, consider the optical syst em

of Figure 52 operating wi th  an ideal point source (i. e.,  d0 = 0) . For these

condi t ion s , Eq. ( 12) reduces to:

d 2 = ( md0) 2 + ~~
- C 5

2 
~~~~ ~~ 

C~
2 6 (21)

for a spherical  aberration l imi ted  system. Because the source is just  an

ideal point , the source brightness  in A / c m  2 / s t r is meaningless, since the

source current density cannot be defined. In this case , the source parameter

of interest  is the angular brightness , ~
l p 0, in A/ s t r .  This sou~ ce parameter

is also applicable to field emission/ ionizat ion sources which have a f ini te

source size that is so small that it cannot be precisely determined.  For

these sources, the angular brightness is a characterizing parameter of the
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source that can be measured directly. In terms of the angular brightness ,

the beam current delivered into a solid angle defined by the source half-angle

00 is

I = c ~~ Tro~ (22)

Using Abbe ’s sine condition , the half-angle in object space 0~ is related to

the half-angle in image space by the equation:

= m ø~ /v~/ V0 (23 )

where ~ and V0 are the beam potentials in image and object space, respec-

tively. Substituting Eq. (23) into Eq. (22 ) gives:

i = c lp0 ~ m 2 (V~/V 0) 0 j
2 (24)

The beam half-angle in image space is defined in terms of the final spot size ,

d , and the spherical aberration coefficient of the imaging system from Eq.

• (21) as
• J13

= (2d / C 5) (25 )

• Thus substituting Eq. (25)intoEq.  (26) gives the beam current in the imaged

spot as:

2 / 3  2 / 3

_ _ _  
2d

I = Tim 

~~0 

(26 )

A comparison of Eq. (25) and (26) illustrates a fundamental important

difference in beam current capabilities of an optical system imaging a re-

solvable and nonresolvable source. For the case of a resolvable source ,

Eq. ( 17) shows that the beam current is proportional to the 8/ 3  power of the

final spot diameter , d. This is the condition that app lies to conventional

sources such as the Radley-Pierce electron source and the duoplasmatron
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ion source for probe diameters on the order of 1000 1~~ For a nonresolvable

source, the beam current is proportional to the 2 /3  power of the final spot

diameter . d, as shown by Eq. (26). This condition applies to field electron

and field ionization sources with their extremely small source sizes. In

practice, this means that mor e current can be achieved at small spot sizes

with field emission or ionization sources than with conventional thermionic

sources, whereas the converse is true for larger spot sizes. The break-even

point fn current capability for the two source types falls somewhere in the

1000 A to 1 ~.L range and is highly dependent on the optics configuration. It is

for this reason that both source types will he considered in the optics analysis

for the archival write stations.

MULTI-LENS SYSTEM ABERRATIONS

As indicated in the general optics considerations section of this report,

• the imaging properties of the writing probe are the most important since

they affect the basic achievable spot size. Deflection aberrations are some-

what secondary in importance because they affect the final achievable field

size but not the basic probe size and beam current , It was also indicated, in

the general optics section, that a multi-lens system would be required in

order to couple effectively the source capabilities to the desired target con-

ditions. During this quarter , equations governing the focal properties of a

two-lens imaging system were developed and are presented here.

A two-lens collimating system, as shown in Figure 53, is considered for

the optical column. A collimating system such as this has several optical

advantages such as no crossovers between object and image , lower individual
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lens aberrations, and less sensitivity to stray fields. As indicated on the

figure , the parameters associated with the first lens nearest the sources are

denoted by the subscript 1, and those associated with the second lens, nearest

the image, by a subscript 2. Similarly, the beam potential , V, and beam half -

angle, 0, are su i tably defined with the subscripts o, m, I , to indicate object

side, middle, and image side. The overall properties of the system are char-

acterized by a combination of the first  order focal properties and third order

aberrations of the individual lenses. Indi vidual aberration terms for the

lenses are :

Spherical aberration: d5 = ( 1/2)  Cs ~~3 (27)

Chromatic aberration: d~ = 2 C~ (~ V/ V) O 3 (2 8)

Diffraction: dd = 0. 61 X 
~~ / Ø~ (29)

where C5, and C~ are the spherical and chromatic aberration coefficients ,

respectively. The charged par ticle wavelength at the image, X 1, is given by:

= 0. 287//MV 1 (30)

where M is the atomic weight of the charged particle. (Note that for electrons,

M can be taken as ~ 1/ 1837. )

For a two-lens collimating system, the first lens produces a virtual

image of the object at infinity. The second lens sees this image as a virtual

object at infinity and produces a real image in its focal plane. To first order ,

the image to object size ratio is given by the linear magnification which for a

two-lens collimating system is:

m = f2 / f 1 (31)

Of course, the image size is not determined by first order properties alone

• since aberrations of both lenses affect the final spot size. Since the first
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lens produces a virtual image at infinity, the aberrations are most conve-

niently handled by referring the effects of the first lens aberrations to the

object. This produces an effective object that is imaged to first order by both

lenses and further affected only by the aberrations of the second lens.

Considering the two -lens collimating system of Figure 53, the true object

size, d0, is increased to an effective source size, dse, by the aberrations

of the first lens referred to the object as:

• dse =~Jdo
2 

+ 4 c5j
2 0 + 4 C~ ( 32)

Using Eq. (32) as the source size , the final image d1 is given as a quadratic

combination of the first order imaging and the aberrations of the second lens:

d~ =~/(md se)2 + d5
2 + dc

2 + dd 2 (33)

Substituting the individual aberration terms from Eq. (27) to (29) and (32)

into Eq. (33) and making use of the Abbe ’s sine condition:

— i~.r.iy ~~~ . 
(34)W o v 1/ O W 1

gives the final spot size at the target:

d~ = 
[m

2 do
2 

+ ( m8 C~ 1
2 (v1)3 C~ 2 ) ~~~ (35)

+ 4 (m
4 

C~~ ~~~~~~ + C
c ( ~~...))Oi

2 
+(

0.
0
61x 1)2

] h12

• The effects of a third lens, as indicated in Figure 54, can easily be included

by considering d1 as the object for the final lens and using Abbe ’s sine

condition for 0~ and 0~ to represent all aberrations in terms of 0 s as:

df =~%/(m 3
dj)

2 
~~~~~~~~~~~~ 0~~~ + 4 C ~ 3 ~: (~J~y (36)
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These equations will be used to evaluate the final spot size for the archival

write columns during the next quarter.

LENS PROPERTIES

As seen in the preceding section, the focal and aberration constants for

the lenses are required in order to estimate the optical performance. These

parameters are functions of the lens type, its geometry and operating point.

Recently, a very extensive computer study of various electron lenses has

been completed at the General Electric Research and Development Center.

• The study has resulted in the accurat e numerical data for paraxial focal prop-

erties, spherical aberration constants, and chromatic aberration constants

for many lens types which are summarized in Figure 55.

In the computer analysis of electron lenses, Bertram ’s technique[18] was

used to determine the axial potential of the electrostatic equidiameter two- and

three-cylinder lenses. The axial potential and its derivatives are obtained

as integrals involving modified Bessel functions which can be conveniently

evaluated numerically. The axial potential s of the two- and three-aperture

electrostatic lenses were found by using a modified form of Liebmann ’s re-

laxation technique as described by Shortley and Weller [19]. The derivatives

• of the potential in these cases were found from a fast Fourier transform tech-

nique[20] by reconstructing the potentials obtained by the relaxation method.

The lens potentials and their derivatives were then used with Liebmann ’ S ray

tracing techni queC 21] to evaluate the optical properties, i. e., paraxial and

aberration constants for the electrost atic lenses. The optical constants for

symmetrical magnetic lenses were available from a previou s sourcet22) .
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During this quarter, several of the lens programs were reestablished

on the time-sharing computer network. Aberration properties for various

electrostatic lenses that occupy the same space were investigated . The re-

sults for spherical aberration are shown in Figure 56. These lens data will

be used in the fourth quarter to aid in selecting the best lens type and geom-

etry for the archival write optics.

SUMMAR Y

During this quarter, the optics study was confined to acquiring and de-

veloping the tools necessary for a general analysis of the various write optic s

configurations. These tools will be used in the analytical evaluation of specific

write optics configurations during the fourth quarter.
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