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PREFACE

This is the second Quarterly Report (AFAL-TR-77-35)

describing work conducted during the period July 16, 1976

to October 15, 1976. The first Quarterly Report (AFAL-TR-

76-213) covers the initial investigations.

The objective of this basic research program is to

investigate the feasibility of new storage techniques for

large archival memories using ion and electron beam with

semiconductor targets. The goal is the development of an

archival memory capable of storing iol4 to iol5 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 investigations: (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.

During this reporting period , effort in the archival

memory program included experimental work and theoretical

studies on planar diode structures (memory target substrate),

iii
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implantation of ions to write information on a planar diode

structure, feasibility studies of the alloy junction method

of writing using a Nd:YAG laser, the design and construction

of a heated stage for alloy junction studies and the initiation

of writing optics studies .

Ion beam writing experiments, using damage writing with

inert ions, indicate that the required beam fluence for

10 Mbit/sec writing can be achieved with field emission ion

sources.

Alloy j unction bit sites were successfully formed

using a Nd:YAG laser.

iv
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SECTION I

INTRODUCTION AND SUMMARY

The Advanced Archival Memory Program is directed toward

the development of a large memory with io14 to io15 bit

capacity, rapid access to stored information (< 100 usec.

access to a block), and high data rates (10-100 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 conclusion 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 number of technical advances were made and directions

for future research established in the following areas:

. Target Modeling

• Planar Diode (memory target substrate) Development

. Ion Writing

• Alloy Junction Writing

1



• Writing Optics Studies

Target Modeling Studies

Modeling studies, directed towards the development of

analytical methods for understanding the motion of electron

• beam generated carriers in the large area planar collection

diode, were continued and the results compared with electron

beam gain versus beam energy data obtained from actual devices.

Additionally, the accuracy of the model has been verified

against published data. During this quarter, the model was

expanded to include the entire solution of the injected

carrier continuity equation, electric field effects and

mobility changes resulting from doping profiles and
• appropriate boundary conditions. The model now applies to

both the ion implant approach and the alloy junction approach.

The model studies indicate that the assumption of

negligible bulk recombinat ion is valid for the better quality

planar diodes fabricated with arsenic. These studies revealed

that surface recombination has an important effect on the

device gain. By suitable control of surface recombination

through processing, it may be possible to achieve a zero

“dead-layer”. This would result in the maximum possible

target gain. (The “dead-layer” is the region in which carriers

generated by the read electron beam are not collected by the

diode.)
2 



The model allows the introduction of bulk reconibination

H so that ion damage writing can be modeled as well and an

understanding can be gained of the motion of injected carriers

as affected by damage-written bit sites. This will be in-

• vestigated in more detail during the next quarter.

Target Substrate Development (Planar Diode)

Planar diode fabrication steps for silicon substrates

have been developed to a point that performance is predictable.

Planar diode fabrication using germanium is underway.

Studies to date have concentrated on As+ implants into Si,

since these were shown to possess the best gain characteristics

at low energy. Phosphorus implants were also studied. How-

ever, the anomalous tailing which occurs with phosphorus and

the less steep doping profile near the surface makes it less

desirable than the arsenic implants. Modeling studies and

preliminary experiments indicated that positioning the implant

profile peak near the surface reduces the apparent “dead-layer”

because carriers would no longer be trapped by field effects

between the peak and the surface. By implanting through

various oxide thicknesses, the peak has been shifted to various

depths and the gain-energy relation measured. Apparent “dead-

layers” only 2O0~ thick were observed on the better quality

targets. Layers this thin result in 707~ of the maximum

possible gain being achieved.
3



Ge planar diode substrates were recently implanted

with and P+. The target diode characteristics will be

studied in the SEM during the next quarter. These will be

used in the alloy junction target experiments.

In addition to the studies of gain versus beam energy

performed using the scanning electron microscope, anodic

oxidation and profile measurements were employed to determine

carrier concentrat ion as a function of depth.

Experiments invo lving As+ implants at various energies

and annealing t reatments are aimed at achieving a high gain

at 4 kV and will be continued during the next quarter.

Ion Writing Studies

The use of an inert ion to produce an ion damage site,

rather than the ion doping mechanism initially proposed as the

storage technique, was evaluated and the results are very

promising. Resolution patterns were implanted using helium

ions . The resulting device showed reading characteristics

akin to the excellent results produced by writing diode bits

with a boron ion beam. Since the fluence required for ion

damage writing is at least 2 orders of magnitude less than that

required for ion doping writing, up to a 100 times greater

writing speed could be achieved for the same ion source

.4
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Alloy Junction Writing Studies

Alloy junction bit diodes were formed using a laser as a

means for evaluating this approach before the electron beam

• writing system becomes available early in the next quarter.

A Nd:YAG laser was used and the beam energy controlled using

neutral density filters. The target substrates were aluminum

f ilms on freshly etched silicon and germanium wafers. Single

120 nsec. laser pulses formed diodes of 5 ~im (laser beam

resolution limit) in diameter at the eutectic temperature

(Si-Al 577°C). Studies using Auger analysis and profiling

techniques verified that the alloying did occur.

In order to reduce the energy requirement on an

electron beam writing system, a thermal bias of the target

may be required . The temperature of the target substrate

would be elevated to a point below the eutectic temperature

and the electron beam heating would supply the remaining

energy necessary to reach the alloying point. A heated stage

was designed and fabricated for use with the laser for eval-

uation of this approach. A heated stage will be used with

the electron beam system once it is in place.

5

_ _ _ _ __ _ _ _ _ __ _ _ _ _ _ _  - • - •



SECTION II

MODELING OF CARRIER MOTION IN PLANAR DIODE STRUCTURES

• During the previous quarter, work was initiated to

establish a better understanding of the motion of electron

beam generated carriers in the planar diode targets. A

large number of devices were fabricated and the experimental

results were analyzed using several models. This preliminary

analysis suggested that it might be possible to understand the

behavior of some of the better target s us ing a model which

included no bulk recombinat ion . This has important implicat-

ions (discussed later) for the surface diode target concepts

(both alloy junction and ion implant writing).

In this section, a model is discussed for the electron

beam gain versus beam energy behavior of planar diode targets.

The model uses the complete solution of the injected carrier

continuity equation including the effects of electric fields

due to doping profiles, mobility variation with doping and the

appropriate boundary conditions. The generation of carriers

by the electron beam as a function of p~netration depth is

included using the best available experimental data.

The model results support the conclusion that in

• properly prepared and annealed As-implanted devices the effect

7
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of bulk recombination on the gain versus energy behavior

is negligible. The results also indicate the important

effect of surface recombination on the gain versus energy

behavior. By proper surface treatment this could permit

achieving a nearly perfect gain versus energy behavior

(zero dead layer) although the practicality of this approach

for surface diode targets is not clear as yet.

The second important application of the model is in

understanding the motion of the injected carriers. The

model permits the introduction of high bulk recombination

which can be used to simulate the damage writing. This will

permit a much better understanding of the writing process.

In the future the model could also be modified to

include the effect of written surface diode regions. Since

damage writing looks more promising, this modification has not

been pursued.

Also, by examining the details of the current flow

solutions from the model, it is possible to study the bit

packing density limitations of the planar targets.

A. Description of the Model

Figure 1 shows the model geometry. For future reference

the initial equations will be written in three-dimensional form

but this model is explicitly one-dimensional. Carriers 
are8
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generated by the electron beam in the n and p regions of the

diode. For definiteness, we assume an n on p diode. All of

the equations can be applied to p on n diodes by substituting

-E for E where E is the electric field.

The particle current flux of injected holes in the n

material is:

—
~~
— J =~~~i r P E - ( ~~~~ ) v P ]  (1)

-‘ —

where ~i is the hole mobility, E the electric field, q the

magnitude of the electronic charge and P the excess hole

density due to the excitation. The continuity equation for

the excess holes is

v • (— 1-- J )= G  - U  (2)p p p

where G~, is the generation rate of excess minority carriers

(due to the electron beam in this case) and U is the bulk

recombination rate. Expanding Equation (2) gives :

u (vP • E +Pv • E -~~~~v
2
P) +v~ .x . (PE -~~~~vP) = G - U  (3)

Since the planar diode structure is an N+ on P diode with a

typical doping ratio of lO~ :l , the applied diode bias field

is almost entirely in the P region with the part that extends
10
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into the N+ region typically confined to a region less than

0.01 um from the metallurgical junction. Therefore, the

electric field is assumed to be due entirely to the doping

gradients. The electric field is given by:

KT 1E = -  (—) —~- - v N  (4)
e e

where Ne is the total density of electrons in the unexcited

device. This relation is derived from the condition of no

electron current flow in the device in the unexcited state:

_ m
n~~~~~~~~ e Z N e 0 (5)

Applying this relation to the excited device is equivalent

to a small signal approximation. To calculate the electric

field using Equation (4) from a measured doping profile it is

assumed that Ne 
= ND where ND is the density of ionized donors.

This is a valid assumption as long as the Debye length

(KT/g)

Is small compared to the distance over which the doping

is changing. For ND 
= 1017 cm 3, ?~ = 100k and for ND 

=

1019 cm 3 ?~ = lOX . Hence for the typically high doping levels

11
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considered here the assumption that ND 
= N is quite good .

Algorithms exist within General Electric ’s Research and

Development Center to calculate the exact electric field

from any doping profile, if this is necessary.

The boundary conditions are

I-I (~1 .~~f - E ) = S P  Z = O (7)

p = O Z = W  (8)

The Z = 0 condition is the standard surface recombination

velocity condition and is expressed in the form derived by

Shockley-Reed-Hall statistics . The diode boundary con-

ditions at Z = W can be thought of as the limit of the surface

recombination condition with S = 
~~~~. A more realistic con-

dition would be Equation (7) with S~ ~ x ~~ cm/sec which

is the thermal velocity of holes. Normally use of the more

complex diode boundary condition makes no substant ial

difference in the solution . This has been verified for

several typical examples.

The mobility is a strong function of the doping in the

range io16 to io19. Caughey and Thomas (1) give a useful

analytic approximation to the best existing experimental data

as:

12
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. .- ..

~min + ~ 
- umin)/ [ l + (N,NR)

a
l (9)

where the parameters are summarized in Table 1 for electrons

and holes.2

TABLE 1

PARAMETERS FOR EQUATION (9)
(See References 1 and 2)

Electrons Holes

1360 cni2/U sec 495 cm2/U sec

~min 
92 cm2/U sec 47.7 cm2/U sec

NR 1.3 x io17 cm 3 6.3 x io16 cui3

a 0.91 0.76

N is the tot’l concentration of ionized donors and acceptors.

The values in Table 1 for electrons are based on a sununary of

the literature by Caughey and Thomas and for holes on the data

of Baccarami and Ostoja. 
(2) For ref erence, Equation (3) is

repeated in explicit form for the one-dimensional solution

with U = p ly as the approximation to the bulk recombination

term .
~ 1 — P~-~ + E

‘ KT ’ ~
- 
~Z ~Z (10)

+ + ~~~~
- 
~PE - 1S1 I?.~ s...

~ KT u ~i 2 Z ’  q ~Z’ KT
13
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This equation will be solved for a set of generation

functions

= A8 (Z-Z ) (11)

where 6 (z) is the Dirac delta function. These are solutions

for generation at a set of points z0. Typically solutions

for about 100 z0
1 s will be generated. From these solutions

the collection probability P(z) for each z0 is obtained. As

discussed in the previous quarterly report P(z) can be

related to the electron beam gain by

Gain = —~--.u~
’dz P(z) q(z + TO )E B (12)

where g(z,E~) is the characteristic energy loss function

for electron beams (see 1st quarterly report), ei 
is the

average electron-hole pair generation energy (e. = 3.64 ev)

and T is the thickness of the top silicon dioxide layer asox

shown in Figure 1. Oxide thickness here means any material

with a mass density near silicon and an atomic number less than

about 30. For materials outside this range, it is still a

reasonably good approximation to use the thickness of the

material as an equivalent thickness of material Te with the

same mass thickness as silicon, i.e.

Te = (P5j /P) T (13)

14
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where T is the actual thickness of the top layer with mass

density p, and ~~~ is the mass density of silicon. Note

that silicon and thermal silicon dioxide have almost exactly

the same mass density.

• Solutions to the differential equation were found

using 1st ordered Merson differential equation solver;

DASCRU in the International Mathematical and Statistical

Subroutines Library. It is possible to obtain all the

solutions for all z0
’s from a single run of DASCRU, which

significantly reduces computer time. The program solves

Equation (10) for P and ~P/~Z with G~ = 0. The equation

is solved twice using each boundary condition separately.

The solution using the Z = 0 boundary condition Equation

(7) is designated as 
~L 

or the left solution and the

solution using the Z = W condition or Equation (8) as

or the right solution. Since the equations are linear, the

slope at each end can be chosen arbitrarily and P determined

by the boundary condition.

= 1  (14a )

(~ —)~~~~~ - — ( 0)
= 

+ 5
v 

z = 0 (l4b)

15 
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(W) = -l (l4c)

“R (W) = 0 (l4d)

To generate a solution for the generation function G~ =

Ag
(Z_Z

0)~ the left and right solutions are made continuous

at Z = and a complete solution constructed as follows

P = [
aP
i 

Z~~o (15)
~P Z~ZR o

chosen so that aPL ( Z )  = 
~
PR

( Z )  (16)

and a is chosen so that —i-- v • J (Z) = A (17)

The collection probability can be expressed as:

P(Z
0) = J (Z=W)/[J (Z~~)-J(Z )] (18)

where J~ (Z~7) and J~ (Z
0 ) are calculated from the right and

left solutions respectively. Using Equations (15) through

(17) it is possible to express Equation (18) directly in

terms of the initial solutions 
~L and 

~R 
without actually

solving for a and ~~~. This calculation yields :

16
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P(Z0) 
~~~ _ _ _ _ _ _  ~

“R 
(19)

~~~ ~~ 
(Z) 

-

where it should be understood that the notation ~.i(Z)

means the value of the mobility evaluated at the doping

at depth z.

For z > W, it is assumed that P(z) = 1. If the

distance to the backside contact is large compared to z-W,

this is a good approximation in the absence of bulk re-

combination. In the presence of uniform bulk recombination

it can be shown that the collection probability on the other

side of the junction is exp ( - 

~~~~~ where L~ = (D r ) ’’~
2 
is

the recombination length. For good quality silicon L~ > 25 .tm

so that for typical maximum beam penetrations past the diode

• junction (— 1 LIm) the collection probability is almost exactly

1 as assumed. However poor quality silicon or damage due to

the junction formation could cause high recombination and

invalidate this assumption. Some evidence for high recombinat-

ion near the junction will be discussed in a following section.

The computer program also calculates and displays the two

components to the minority carrier particle current in

Equation (I)

L_ _ _ _ _ _ _ _ _ _ _ _  
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J~0fl~/q = Fcond = LL PE (20)

J~~ff /q = Fdiff = -i•.t(KT/q) ~P/~Z (21)

as well as the total particle current:

J/q = FT 
= Fcond + F diff (22)

The importance of these separate contributions to the

carrier flux will be investigated during the following

quarter. In the absence of bulk recombination the total

carrier flux FT must be a constant for the right and left

solutions since neither of these solutions has any carrier

generation. This provides a useful check on the quality of

the solution. Normally this flux is constant to better than

O.l7~ over the entire range of the solution.

B. Detailed Description of the Computer Program

The following describes in more detail the operation

from the user point of view of the computer program for

solving the carrier collection probability problem just

described.

In its present version a large amount of data is input

at run time in an interactive fashion. The program accepts

a doping profile of the type shown in Figure 2. All of the

18
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INPUT
PARAMETERS

Np e Z P )2/
~~ Z p, Np, ttRp 1 Z 1

N D ( B2 , Z 2

C3 e~~ 3Z B3 ,NB

___  

NB

Zp Z I Z 2 ( W ) Z

Figure 2. Format for Specification of Doping Profile

19 
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parameters listed on the right must be provided by the user.

• The other parameters (C2, C3, and W) are calculated by the

program and displayed. The one exception is the junction

depth W which at the users option can be provided as input

data. The program then recalculates the background doping

level NB appropriate for this junction depth W. Since most

solutions are not sensitive to the exact junction depth, this

option is used to round off the junction depth to a convenient

number for display of the calculated data. Any part of the

format for the doping profile may be selected by choosing

Zr,, Z1 and/or Z2 outside the range 0 to W. An option is

provided for constant mobility . This has three applications .

First it is possible to determine the importance of the

doping dependence of the mobility for a particular solution.

Second , if the other doping input parameters are chosen so

that the doping is constant , the solutions can be checked

against the closed form BEANOS solutions . Third, if the

doping parameters are chosen so that the electric field is

cons tant, then the solutions may be checked against the

closed form solutions due to Guildberg and Schroter~
3
~ which

assume constant mobility .

In the present program bulk recombination is assumed

to follow

20
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= p/i (23)

At run time the following recombination data must be provided

Z<Z
= t i sec z<z (24)

This is a very rudimentary form and serves only for

preliminary exploration of the effects of bulk recombination.

The abrupt discontinuity causes some convergence problems for

DASCRU. These are not believed to seriously affect the final

solutions except near the discontinuity, but during next

quarter this convergence problem will be eliminated either

by providing a more realistic functional form for 7(z) or by

an algorithm to step across the discontinuity. Such a procedure

is used for the doping profile as discussed below.

Note that the doping profile has slope discontinuities

at Z
1 

and Z2. This produces a discontinuity in the values of

the electric field E. Equation (10) contains the term ~E/~Z

which is undefined at and Z2. A more physical way to handle

this would be to smooth out the doping profile so that this

discontinuity did not occur. A simpler method is to step across

such discontinuities using the condition that the carrier flux

is constant. This is a good approximation, if the distance of

the step Is small enough. The present program has a step size

21 
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across the discontinuity of V = 10~~ cm.

The program contains a backscatter correction factor

F. This is the amount of electron beam energy backscattered

from the target . For materials with atomic number Z — 13,

• F ~ 0.08 (ref. 5). Note that F is the energy backscatter

fraction and not the usually quoted number backscatter

fraction which is typically twice as large since the mean

average backscatter energy is about 0.5 times the beam energy

for low Z materials. The present program has F = 0.08 built-

in, since this is appropriate for targets with Al, Si02 or Si

surfaces.

The surface recombination velocity S~, must be provided

along with the initial doping and recombination data. New

values of Sv can be provided without inputting new doping and

recombination data. An additional option permits providing

non-zero values for the oxide thickness T in Figure 1. The

collection probability and gain versus en:rgy data is always

calculated first for T0~ 
= 0. Since the collection probability S

is not affected by the oxide thickness (at least in the model

where any effects of the passivating oxide on the surface re-

combination must be provided by the user) only the gain versus

energy curve is displayed for each oxide thickness.

Both n and p type top layers can be accommodated. The

program is written for n-type material. Responding to the
22 
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question n or p type with 2 for p type causes the use of

the appropriate values for the mobility (from Table 1). The

electric field is then calculated using E = _ (kT/q)N~

where the sign is deliberately taken incorrectly as minus .

This incorrect choice of sign causes Equations (7) and (8)

to be correct for p type top layers . This version of the

program also displays the electric field with this deliberate

sign inversion.

Figure 3 is a listing of the program and a typical

program input and output sequence. User responses are

circled. The diagnostic output is surpressed by responding

with any other integer besides 1 to the request for diagnostic

output. The important part of the calculation is the collect-

ion probability and the gain versus beam energy derived from

it.

C. Application of the Model

As mentioned earlier, the program will also display

the total particle current F for both the left and right

solutions. In the absence of bulk recombination these

currents must be constant and this is normally observed

(see Figure 3 fourth column in diagnostic output). This

is probably the strongest indication of correct program

operation. A second check was run against the closed form

23 
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Tilt S PAGE IS BZST QUALITY PBACTI~A~ &~
IBOJ& 001.X ~U~ NIISkL~D TO D~Q

SY SiE M ~~~?YFOR
olu or new—OLD GADPo
ready
*L I . T

002*#RUN =(iL L~~
) LIBRARY/ IMSL,R

004 * CALCU LA TES COLLECTiON k~RO8 AN D GAIN VERS E FROM DOPING
OOo * P R O F I L E  A N D  F 1 E C O M B I N A T I O N  P R O F I L E — C O R R E C T E D  TO I NC L UD E

006 *BAeKscA Tr~~ FRA CTION 9/27/76
0 10 * DEP ENDA ILE OF M O B I L I T Y  ON ~~)PIN G IN CORPO RA TED 10/ 12/76
0 12 * O X I D E  O~ fOP Oi~ TARGET OPTION INCORPORATED 10/ 16/76
0 1 3  * CORRECTED FOR ~ RR0R IN HAN ~~~IN G SECOND S I N G U L A R I T Y  I I / ~ /76
0 14 EXTERNA L D E R I V
0 16  I N T E G E k  DI A G I T Y P E

Old REA L. ?4P,N& ,MCD, LJ,LJC,LJD,~W MAX, M UM 1N,MU,MLW) ,MU ~ ,MOB ILITY
020 D I M E N S I O N  n K ( 8 ) ,X O ( 2 ) ,CP(300 ) , PL(300 ) ,DPL(300 ) , PR (300 ) ,DPP (3fl0 )
022 D I M E N S I O N  Z S I N G ( I O )
0d4 COM4O N Q,~T,TA ,ZTAU I,NPIB2,~ 3 ,ZP ,DELRP .ZI ,Z2.~~.C2 ,C3 S
02o & MUMAX ,MUMIN,CR ,A LPHA
028 LAMi)A (ZR )=0 .O+6 .2I *Z R—l2 .40*ZR~ 2+5.69*ZR~ 3
030 RAN 0E (E )= (O. 00430/2320. O ) *E~~l .15
032 F=0 .08
034 * DAtA I N P U T
Qio 20 P M I N T , ”D OPIN O TYPE I — N , 2—P , 3—CONSTA NT M U ” $  R~-~~D , r YPt
03b * rON P—ri PE ELECTRIC FIELD IS ~iRONG SIGN ~UT NEST r~!LL ~E OKAY
040 I F ( T Y P E . E ) . 3 )  GO TO 94; I F ( T Y P E . E G . I ) 00 TO 92
042 M~ MA X I36 )
044 MU M IN =9 2
046 ALPHAaO.9I
048 C R = I . 3 E l 7
050 GO TO 93
0 2  92 MUMAX 49S
054 MU1.%1N 4 1.1
~~o ALPHA=O.lo
058 CR—6 .JEIO; Go TO 93
060 94 PR INT , ’CONSTAN T MU” EAD ,MU;MUM AX ~ MU, 4U 4 IN—MU$A LP ’ 1A~~l ~C~ BIEI5
002 93 P R I N T , ” I N P U T  DOPING PA PA MErER S IN MICRO’4S AND l/CM~ 3”
064 PR INT ,”ZP,L)ELRP ,ZI ,Z2”
Qo~ REA O, ZP,DELRP,ZI ,Z2
066 PR INT, ”NP,NB ,82 ,83”
010  R E A D , NP , Ni3 , 82 , 83
012 P R I NT , ”R E CO M B PARAMETERS TAU I , ZTA UI IN SEC AND M I C RON S TM
014 REAo ,rAu I,zTA u~OJo ZTAUI Z ZTA JI * IE—4
0Th ZP=Z i ’*IE— 4
080 DELRP=DELRP * I E—4
062 Zl~~Z l * l E— 4  SI

084 Z2 Z 2 * I E — 4

Figure 3a. Computer Program for Solution of Carrier
Diffusion Equation in Planar Diode Structures
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UALITY
Zi~DTODDO ~~~~

080 C2~NP*EXP (B2*ZI— ((ZI—ZP)/f%LRP)”2)
08b C3 C2 *EXP (Z2* (B3—82))
090 I F (N B . U T . 4 C D ( Z I  ) )  GO TO ~~5
0 2  IF(NB.GT. 4C D( Z2 ) )  GO TO 56
094 00 TO 16
096 55 ~=ZP+UELRP*S0~T(AL OG (NP/ NB)) ; GO) TO) 90
098 56 ~~A LOG(C~ /NB)/ B2; GO) TO 90
110 lo ~=A LOG(~ 3/NB)/ B3
102 90 PRINT,”SU RFACE RECOMBINATION VEL CM/SEC?”; RE AD.S0
104 I i-ORMAT ( IH ,2F10.3)
306 2 rOR MA T( IH ,I3,sEI2.3 ,F7.3)
lO b 3 FORMATCI H ,E12.3,FIO.4,2E 1 4.3)
110 4 k-0R~ AT (IH ,E12.4,F12 .4)
I L ~ 5 t O R ~ A T ( I H  ,5FIi.4)
11 4  6 FORMA T ( IH ,4 E12 .3)
116 7 FoR -AA rc ~ Hso= ,t lO .2 ,7H LM/SEC)
l b  8 rORMA T(j HTAUI= ,El0 .2,4H SEC)
120 9 FOR~iAT (oHZTAUl= ,FI 0.3,8H MICRONS)
I~~~ 10 F O - 1 M A T ( I H  ,2EI 2.3)
124 61 FOR AT (SHThX= ,FIO.3,8H MICRONS)i~o P R I N t , ” “
118 I r ( T Y P t . E O . I )  PRINT ,” N—TYPE ” ;  I F ( T Y P E . E Q .2 )  P R I N T , ” P—TYPE”
130 IF(TYPE.EJ.i) PR INT,”MOBILITY:”,MUMAX
342 I I P R I N T , ” ZP DELRP Z I  Z2 N ALL IN MICRONS ’
144 PRINT ~~~, ~P*IE4,I3~LRP* l E4,ZI*lE4 ,Z2*IE4,W*IE4 PRI’JT,” “
136 PRINT,” NP CM—i NB CM—3 C2 CM—3 C3 CM—3 “

1~~8 P R I N T  o , N P ,NB,C2,C3; PR INT,” “

140 PRINT, ” 82 CM — I 83 CM—I “
142 PRINt 11 ,82 ,83; PRINT ,” “
344 PR INT 1,S)
I 4~ P,~INT b , Tfr, U I PR I NT 9 ,ZTAU I * 1E4
148 PRINT,”OP IIOPIS — NEW DATA—I , ~4EW JCT DEPTh—2 ,CONTINIJE—3”
l~ O WE A D ,DIAG ; IF(DIAO .EO.1) GO) 10 20; IF(DIAG.EO.2) Of) TO 14
bI GO) TO 15
b4 14 PRINT,”NE~ VALUE FOR JCT DEPTH N”
bø READ ,W; N~ %E—4*M; PR [NT,”W= ”,~ *IE4,” MICRONS” ; NB= OCD (N)
158 PRINT, ”N8~ “,NB,” CM—3”
160 IS PRINT,” NUMBER OF DISPLAYED POINTS AND COMPUTED POINTS PER PT.”
102 READ ,MD ,MP; M=MP*’4D$ IF(M.GT.300) PRINT,” Too MANY POINTS—ERNORI”
104 PRINI,”IF YOU NISH DIAGONSTIC OUTPUT INPUT I” ; READ , DIAG
too * CALCULAtE PARA’AdTERS RELATING TO) ELECTRIC FIELr)
b a  OKT=O.025
I / O  EZEIIO :ELEC T(O)
I/ l Er, ELECT(4)
1 14  DEL N/M
176 EG=3.65
178 *StT uP SINGULARITIES
180 J f 0
1 82 IF(Z1.LT.:D.()R.Z1.GT.~~) GO) TO) II

Figure 3a. Computer Program for Solution of Carrier
Diffusion Equation in Plana r Diode Structures (continued)
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UPLLITY
TRIS ?I~~ I

~~~ i
S
SI:i~~) ~~ DDQ ~~~~~~

1~~~ 
cO?’i

384 JT—J f+l; LSING (JT)—ZI
l86 II IF(Z2.LT.O.OR.Z2.GT.N) GO TO) 12
388 JT—JT+I; ZSING (J1)aZ2
190 12 V—IE—9
392 *LEFT SOLUTION — IF B—ZS THEN DPL IS FOR ZS—
394 1—0; H—~l/lO00; OLDH—H/2; 3— I
196 ZS—IE4 ; ZF(JT.GT.0) ZS—ZSING (J)
198 DPLZERO—I; XO (2)=DPLZERO
200 CD—MCD (0); MUO=MOBILITY(CD); 0*QKT*MUO
202 PLZERO*DPLZERO*D/ C MUO *E Z E RO )+SO);  XO C I ) uiPLZER()
204 DPLZERO=I; X0(2)=DPLZERO
206 B—O
208 30 A— B ; B~ (I+I)*DEL
210 1ZS 2
212 ZF (A BS( 8— Z S) .LT.V )  GO) TO 34
2 3 4  125= 3
2 36  IF(B—ZS.GT.O ) GO) TO 34
2)8 IZS=3
220 34 IF( IZS .GT. I) GO) TO) 3)
222 CALL DASC Ru (DER IV ,A ,ZS— V ,H ,2 ,XO ,W K , I E R )
224 X 00 2 ) =XO (4 ) +X0 ( l  )* (ELECT(Z5 +V )—ELE CT(ZS—V ))/O KT
226 C A LL DASC~ UC DER IV,ZS+V ,B,H,2,X0, W K, IERI)
228 GO) TO 33
230 31 IF(IZS.GT.2) GO) TO) 32
232 CALL DAS CRU(DERIV ,A, Zs—v ,H,2,Xo ,WK ,IER )
234 00 TO 33
236 32 CA LL DASCRU ( DERIV ,A ,B, H,2,XO ,W K ,IER)
238 GO) TO) 33
240 33 1—1+1 -

242 P L( I)—X 0 ( I) ;  DPL (I)=X0 (2)
244 IF(IZS.EQ.2) XO (2)ZXO (2)+X0 (b)*(ELECT (ZS+V)—ELECT(ZS—V))/OKT
246 IF(IZS.EO.3) GO TO) 35
248 J—J+I; ZS=ZSING(J); IF(J.GT.JT) ZS=1E4
250 35 IF(IER.EO.33.OR.IER1.E0.33) PRINT,HN0) CONy—LEFT SOL Is ”,!
252 IERI— 0;
254 IF(I.NE.M) GO TO) 30
256 *RIGHT SOLUTION—IF B=ZS THEN DPR FOR ZS—
258 k— MI H—N/b OO; J J T
260 Z5 —1t 41 11 ( JT.GT.0) ZS ZSING(J)
262 DPR( I)=—1 ; X0 (2)—DPR (I)
264 PR(I)—0; X0 (I)=PR (I)
266 8*N
2o8 36 A—B ; Ba(I—1)*DEL
270 IZS—2
272 I F ( A B S( B — Z S ) . L T . V )  GO) TO) 37
274 IZS—3
276 IF(B—ZS.OT.0) GO) TO) 37
278 IZS I
280 37 IF( IZS.GT. I) 00 TO) 38

Figure 3a. Computer Program for Solution of Carrier
Diffusion Equation in Planar Diode Structures (continued)
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284 CALL. DASCRU (DERIV ,A ,ZS+V,H, 2,X0,NK ,IER )
284 X0(2) X0 (2)+X0Cl )*OELECTOZS—V)—ELECT (ZS+V))/QKT
286 CALL DASCRUODERIV ,ZS—V ,B,H,2,X0,NKçIERJ )
288 00) TO 43
190 38 I F ( IZS. GT .2)  GO) Ii) 39
292 CA LL DASCRU (DERIV ,A ,ZS+V ,H,2,XO ,WK,IER)
294 X 0 ( 1) =X 0 (4 ) +X 0 ( I) * ( EL ECT (ZS_V )~~ELECT(ZS+V))/ OKT
296 GO TO) 43
298 39 CAL L DASC RU( DERIV ,A ,8,H,2,XO ,WK .IER)
300 GO) TO) 44
302 43 J=J~~I ;  ~S= Z S IN G ( J ) ;  I~~c J . L r . b )  ZS — — 1E 4
304 44 I F ( I E R .EO .33 .OR . IERI .L-O .33) PRINT .” NO) CO)NV R IGHT SOL I=”,I
30o I t k l = ) ;  I — I — I ; I F ( I . E O . O )  .00) TO 45
308 F R O I ) = X 0 O I ) ;  D P R ( I ) = X O ( 2 ) ;  GO TO) 36
310 45 PRLERO ) =XO O 1 ) ;  DP R ZE R O=XO ( 2 )
312 CD~ M . . D ( n ) ;  M U W = M U B I L I T Y O C D )
314 IX) 4~) I=I ,N,I
3)6  LD=MCD(I*DEL); M U =M O B I L I T Y ( CD) ; TOP — MU M/MU
318 4O C P ( 1)  = — I * T O P / ( D P R ( I ) — D P L ( I ) * ( P R ( I ) / P L ( I ) ) )
320 TOP=Mu~ /MU0
322 CP Z ENO =— I *TOP/ (D PR ZER O~ DP LZE RO ) *( PPZERO/PLZ E RO ) )
324 I rO D IAU .Ni . I)  Of) TO) 27
326 PRINT, ” M=” ,M,” MP= “ ,MP; PRINT ,” “

32~ P R I N T , ” Riot-I T SOL UTiON CURREN t S”
330 PRINt , ” I PR DPR TOTAL COND 01FF
332 & L — M I C R O I S ”
3i4 I=n ; RJC =~ u0 *E ZERO *P RZERO l RJD =—l *MUO *Qt’T *DP RZERO ; RJ=RJ C+ RJI )
33o P R I N T  2 , I ,PRZt RO ,DPR LERO ,R J , RJ C ,RJD,I *D EL * 1E4
336 Of) 19 I=MP ,M,MP
340 CD=MCJOI*DEL); M U = M O L 3 I L I T ’ f ( C D )
342 RJ C=MU *EL EC T ( I*D~ L — V )  *PR ( I ) ;  R J D =— I  *MU *OKT*DPP ( F t ;  RJ=RJ C+PJD
344 19 P R I N T  2 , I , P R ( I ) ,D P R ( I ) ,RJ ,RJC ,RJD , I*DEL *1 E4
346 P R I N T , ” “
348 P R I N T ,” LE FT SOLUTION CURREN T S”
350 P R I N t , ” I PL DPL TOTAL CON E ) 01FF
3~ 2 & 1—MIL.RO ~IS” S
354 1=0 ; LJC=400 *EZERO *PLZE RO ; LJD=— I *MU O*OKT *DPLZER O; LJ=LJC +LJD
350 P R I N T  2 , I , PLZERO ,DPLZE RO ,LJ ,L JC ,LJD , I *DEL *1E4
358 IX) 28 I— M P ,M , -tP
300 CD= MC D ( I *D ~L ) ;  M u = M O 8 I L I T Y ( C D )
302 LJ C=Mu *EL EL.f (I *f lt L -V) *pL(I);  LJD~~ I*M U*OKT *1PL (l); LJ=LJC+LJL)
334 28 P R I N T  4 , I ,P L ( I ) ,D P L ( I ) ,L’J,LJC ,LJD ,1*DEL* 1E4
356 18 I1- (JT.~~Q .0)  GO) TO 27
3o8 PRINt ,” “; PRINT ,” ZS !NG(J) 3”
3/0 DO) 29 J= l , .JT , I
3 a 2  29 PN INT ,L S I N G ( J ) ,J
3/4 *P~ INT RESU LTS
3~ O PRINT,”
3/8  2 1  P R I N T , ” C O I L  PROB Z — M I C R O ) N S ”

Figure 3a. Computer Program for Solution of Carrier
Diffus ion Equation in Planar Diode Structures (continued ) 
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Th.AM 0O.FY FURZUSh~E.)) TO D~~ SC .... .

~~~

380 PRI~’4T 4, ~PZE RO ,0
382 DO) 41 I =M ~ , M ,MP
384 4 1 PR INT 4 , CPO I) , I*DEL*1E4
386 I OX = O ;  GO) TO) 96
388 95 P R I N T , ” O X I D E tHICKNESS IN MIC R O ) NS ” I  REA I ,TOX
390 T OX =fO X* IE— 4 ; I OX =I NT ( T ( ) X/D EL )
392 96 TOX =IO ) <* OE L ; PRINT 6I ,TO)X * 1E4
394 PRIIIT, ” G A i N  E—K E V ”
39o It=0
398 23 IE=IE+I ; ENERoJ Y=0.5*IE
400 ROEL=RAN (k~~~NERGY)/DEL402 IM=INT(RDEL) ; IF( IM— IOX.LE.4 )  GO) TO) 23
404 CPR=b; I FCI M—I O )X.LE .M)  CP P=CP( IM— IOX )
406 SUM=CPZER )*LAM DA ( IOX/ RD L) +CPR*LAMDA ( IM/RDEL )
408 DC) 24 I=I’.)X+I ,IM— l ,l
4 10  CPR=I; IF (I— IOX.LE.M) CPR=CP(I—IOX )
4 12 24 SUM=SU 4+2 *CPP* LAMDA ( I/RDEL)
414 GAIN=(ENERGY*b000*(I—F)/(EG*2*RDEL))*SUM
416 PRINT I ,GAJN ,ENERGY
4 1 8  I F ( I E . G T . f l I E = I E + l ;  I F ( I E . L T . 3 0 ) G O  TO 23
420 42 P R I N T , ” O ) P T I O ) N S , 1 —NE N DATA , 2— Q U I T , 3— E LE C T &DOPING , 4— N E ,~ SV .
423  & b — O X I D E ”
422 READ ,K; IFOK—2)20 ,99,22
424 22 IF(K.EQ.4) GO~T() 90; IF(K.E0.5) GO TO) 95426 PRINT, ” E vic..( Z—M ICR0NS N—DOPING CM~ —3 MOBILITY”
428 DO) Ii I—i ,M+I ,MP ; Z= ( I— 1)* DEL
430 CD=MCD(Z)
432 13 PRIN T 3, ELECI(Z) ,Z* 1E4 ,CD, MOBIL ITY(CD)
434 GO TO) 42
440 99 PRIN T,” ALL DJt4E”
438 STOP
440 END
442 FUN CTION 4C D ( Z )
444 REAL 4C0
446 *CALCULATES MAJOR ITY CARRIER OR DOPING DENSITY IN CM~—3448 REAL NP
450 COMMO)N 0KT,TAU l ,ZTAUI ,NP ,B2 ,B3 ,ZP ,DELRP ,Z1,Z2,~4,C2,C3
4s2 IF(Z.LT.Zl ) GO) TO) 71; IF(Z.LT.Z2) GO) TO 72; GO) TO) 73
454 ii MCi NP*EXP (_I*O (Z_LP),DaRP)A2 ; GO) TO 74
456 72 MCD — C2*EXP (—I*Z*B2); GO) TO) 74
458 73 MCD — C3*EXPC—b*Z*83); GO) ro 74
400 74 REtURN
462 END
404 FUNCTION ELE CT (Z)
466 REAL ELECT, NP
408 LOMMON QKT,TAU I,ZTAUI ,NP ,B2,B3 ,ZP,DFLRP ,~~1 ,Z2,N470 * CALCULATION OF ELECTRIC F IE L I  EZ AT Z
472 I F ( Z  .Lf. Zb ) 30 TO) 51
474 IFCZ .LT .  Z2 )  (Jo TO) 52

Figure 3a. Computer Program for Solution of Carrier 
tDiffusion Equation in Plana r Diode Structures (continued)
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FI*~)M CX)FY ~ ISIiED TO L~DC

4/o  GO) TO 53
478 51 ~Z=QKT*2*(Z—ZP)/DE LRP 2; GO TO) 54
480 52 EZ—OKT*82 ; GO) TO) 54
482 53 tZ QKT*B3
4b4 54 ELECT EZ
486 RETURN
488 END
490 * DERIVATIVE E 9ALUATI ON
492 SUbROUTINE DERIV (X0 ,Z,N,XP)
494 D I M E N S I O N  X O ( N ) , X P ( N )
496 REAL NP,MU ,MUMAX ,MUMIN
498 CO)MMO)N OKT,TAUI ,ZTAU I ,NP,B2,B3,ZP,DELRP,ZI ,Z2,W,C2 ,C3,
500 & ~iUMAX ,MJ M 1N ,CR ,ALPHA
502 * CALCULATION OF ELECTRIC FIELD EZ AT Z
504 IF (Z  .LI . 21 )  30 TO SI
500 IF(Z .Lf. 22) 30 TO) 52 ; GO TO) 53
508 sI EZ=OKT~2*(Z—ZP)/DELRP~2; GO) TO) 54
510 52 EL=OKT*B2; GO) TO) 54
5 12 53 EZ=QKT*83
514 * CALCULA f ION O)F TAU
530 ~4 TA U I
518 IF(Z.LT.ZTAUI) TAU=TAU1
520 * CALCULATIo N O)F DIV OF ELECTRIC FIELD
522 IF(Z.LT.ZI ) GO To 83; IF(Z.LT.Z2) GO TO 82; GO TO 83
524 81 DEZ = OKT*2/D~LRP~2; GO TO) 84
526 82 DEZ — )s GO) TO) 84
526 83 D~L = ); GO TO) 64
530 *CALCULATION OF CARRIER DENSITY A MOBILITY
532 84 IF(Z.Lf.ZI) GO) TO) 73; Ik- (Z.LT.Z2 ) GO TO 72 ; GO) TO 73
534 7) CD — NP*EXP(—l*UZ—ZP)/DELRP)~ 2); GO TO 74
536 72 CD C2* EXP(— I*Z *62 ) l  GO TO 74
538 73 CD — C3*EXP(—I*Z*83)
540 14 MU=MUMIN+ (MUMAX—MUMIN )/Ol+ (CD/CR )~ ALPHA )
542 DMU~ (M,JMIN— .~UMAX)*ALPKA*(CD/CR )~~(ALPHA— I )/CI +(CD/CR )~ ALPUA )~ 2544 DMU=—I *DMIJ*EZ*(CD/CR) /OKT
540 X P O I ) = X 0 ( 2 )
548 X P ( 2 ) = ( E Z *X 0 ( 2 ) + ( O E Z + I / O T A U *M U ) ) *X O ( I  ) ) / O Kr + ( D .’4 U/ MU) *
550 & (X 0 ( l ) *E Z / Q K T — X G ( 2 ) )
5s2 R 6TUR N
554 END
Sso FuNCTION MOBILITY C CD) S
5~8 Ri AL MOL3I L I TY , M UNAX , MUM I I i
500 LONMO)N OKT,TAUI ,ZTAUI ,NP ,82,B3,ZP,DELRP,ZI ,Z2 ,M,C2 ,C3, S

562 & MUMAX ,MUM IN,CP ,A LPHA
504 M O ) 8 i L l U — M U M l N . ( M U M A X — ~t U P I N ) / ( I + ( C D / C P )~~A L P H A )
566 RETURN
568 END

Figure 3a. Computer Program for Solution of Carrier
Diffus ion Equation in Planar Diode Structures (continued)
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TBIS PAGE IS B~~r QUALITY PEA~Cfl(R1~’
1~~~ ~~IY TO DDC .. ..._. —

R I N G  TYP E I — l i , 2— P , 3—CONSTANT MU
— l N—TYPE TOP LAYERS 

PuT O~ PING ~AO1AMETERS IN MICRONS AND #/CM~3S ZP,JELRP ,LI~~Z2
c~~.J7b.0.042.).I25.flNP, 4~ .LI2.6,S ‘

~ DOPING PROFiLE
c~ l .IE19.lEI5.2E .lO) J

• R )M8 PARA ~.(E TER . S TAU I , ZTA UI IN SEC AND M ICR ONS
—I I RECOMBINATION PARAMETERS
S ACE PELL)M6INkTIOi’O VEL CM/SEC?

1E7 SURFACE RECOMBINATION VELOC I TY

~—TYP E 
_____

DEL PP LI Z2 N ALL I ’I MI C ” ON S
0.0750 0.0420 0.1250 1.0000 0 .5394

N P CM—3 NB CM—3 C2 CM—i C3 CM—3
i . I I O E  20 O. lOO t 16 O.325E 20 0.670E I I

DISPLAY
•i2 CM—I 83 CM— I
O. 200b 06 0.IOOE ~~ OF

INPUT
S0= O . I O E  i8 CM/SEC
TAU I = 0 .1OE ) I  SEC rARAMETERS
ZT AuI =  1.000 MIC R ONS
~~~TIONS — N E ,’~ DATA—I.~ NE~ JCT DEPTH—2 ,CON TIN U E —3

~~~~~vALU t  FOR JCT DEPTH 
~ CHARGE JuNcTIoi~ DEPTH

W= 0.J0000000t 00 MICRO N S
S Nb= 0 .8ObI2doOE 17 CM—3

N O :  W OF D ISP LAY ~ D POINTS AND COMPOJTED POIN TS PER PT.
5 10

S I U ~ISH DIAGONSTIC OiJTP UIT I NPUT I
S I REQUEST DIAGNOSTIC OUTPUT OPTION

N= ISO 4P IC)

RI JH T SOLUTION CURRENTS
I PR OPR TOTAL COlIC )IFF Z—’4ICPO’I5
0 O.I9 oE—03 —i.ol9E 03 0.626E DI -0.219E 04 0.219E 04 0.
10 O.179E — 03 — O . I I S E  03 0.622E 01 .2I3E 03 1.224E fl3 0.02C
~O O. 598E—04 —0.2 77E 02 0.625E 01 ~ ).36~E 02 1.431F 02 0.0~~30 O . 2 / 2 E — ) 4  — 0 .900E 01 O.626E 01 —0.662h 03 0.129E 02 O.06~ ,—

40 0. 156E-0 4 —0.35 5E 01 ~J .626E 0 1 O . I 2 4 ~ I I  fl.512L ~‘I 0.0F~ ~sO O . I I 0 E — ~ 4 — 0 . I I 2 E  01 0.o26E 01 0.462E 03  O.164 E  03  0 .I(Y I—
00 O . I I O E — 0 4  0.224E 01 0.026E 01 O .IOIt 02 — ).380E ‘~I 0 . I 2~ ~~S /0 O . 1 1 9 E — 0 4 —0.830E 00 O.626E 01 0. 464 E DI 1.162E 0 3 1, 140 ~80 O. IO3E—3 4 —O. / 98E 00 O.026E 01 f l .4 S IE  Dl  . I 7 5 E  r~1 0. I6 (~ —

9() 0.811E—)5 — 0 . / S I E  00 O.o2oE U I  0.438E 0 1  0.189t  D l  0.380
100 0./IoE—05 —0 ./OlE 00 O.626E 01 0.422E 0) 0.204E 0 )  0.200 ~
110 O.590 E—05 —O.663E 00 O.026E 01 0.40 1E DI 0 .225E 0) 0.220 ~D

120 O.458E—Os ~).654E 00 0.o26E 01 0.366E 0) ).2~~IE 0) 0.240
330 O.325E—)~ —0.o9IE 00 0.o2oE 01 O.304E DI 1.32 .~E DI O.26~ ~~14u 0.178E—)5 —O .196E 00 0.626E 01 0.l93b flI 1.433E “II 0.280
ISO 0. —0.IOOE DI 0.o2oE 0) 0. 1.L2~ E 0 1 0,300 

_____

Figure 3b. Typical Input-Output Sequence for
Computer Program shown in Figure 3a
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THIS PAGE IS BEST QUALITY’ rRACrICA~LE
1~~aL COPY FUI~2èISfrIZD TO DD.C ~~~~~~ 

-

LEn SO L U T IO4  CURRENT S
JPL T9TAL COM~ 01FF Z — I I C R O N S

I ).440E—0O O.l00E DI —0.446E 01 . I2 3 E  Dl —3. 323E 01 0.
10 O.2 22E — .)5 O.~’i I E  DO —O .446E 0) —O.27 0E 0 1 —1 .176E DI 0.020
20 O.42oE—)5 0.118E 0) —O. 44 6E 0) -O.263E 0) —1.183 E 0) 0.040
30 O.I2I ~~—)~ 0.109E D I  —O . 446E 01 —0 .I 76 E 0)  —0 .270E D I  0.060 ~
40 O . I 2 o E — ) 4  O . i d I E  DI —O.446E O~ 0.IOIE DI —O .547E DI 0.080

S ~O l ) .254E— 1 4 O. I I2E 02 — O. 446E 0 1 O . IO 6~ 02 — 0 . l 5 1E  02 0. 100
00 0.6~ 4 E — ) 4  0.3~ 0E 02 — O. 447E Dl  O.566E 02 — 0 . Ô I I E  02 0 .120 ~• 1 70 ~ . I 2 ~~ — ) i  O.2o6 E 02 —O . 446E 0 1 O.475E 02 — O .5 1 9E  02 0 . 140
80 0 .387 ~ — ) .  0. 394E 02 —O . 446E 03 O . B 2 I E  02 —O.6 65E 02 0.360
90 ) .283E— Jj O. ,64t 02 —O .446E DI 0.I42E 03 —9 .147E 03 0. 180 ~S IOU O. 427E— -)3 0.368E 02 — O.446 t 01 O .243E  03 —0.25 3E 03 0.210 <

l ID 0.640E-03 0.129E -13 —O.446E DI  O.435E 03 —0. 440E 03 0.220 ~~
110 O.9~7E—)i o.1 93E 03 —O.446E 01 O.764E 03 —0.766E 03 0.240
h O  ‘.143E—)2 O.287E 03 —0.446E UI 0.I34E 04 —O.134E 04 0.260
140 D . 2 1 4 E— 0 2  -l .428E 03 —O .446E 01 O.232E 04 —O.233E 04 0.280
ISO .~~l 9E—04 0.oi9E 03 —0.44 0E 0) O.400E 04 —0.400E 04 0. 300

LSING(J) J
0. 1 25000C)OE—0 4 I

COLL P~W8 Z— ~4 I C RONS
J . 18oo~ —Oi 0.
O.IlIDt—O l 0.0210

S O.~~0~ 8L~’•~O I 0.0400
0.2/Io~ DO 0.:)600
0.5328t 00 o.o~~o0.7o40E 00 0.I~0000.8879E 00 0 .1200 COLLECTION PROBABILITY
0.9349E 0() 0. 1 400 P(z)

S (;.9024L~ 00 0. loOO
0.~;1boE 00 0.1300
O.9)80E 00 0.2000
O.9935t 00 0.2200
O.9966 E 00 0.2400
0.9984 E ‘)0 0.2600
O.9994~ 00 0.2600
0.I000E 01 0.3000

TOX= 0. MICRONS — —
G A I N  E— KEV
I .0t O 1 .000
5.393 1 .500

24 .70) 3 2.000
83.231 2.500

197.585 3.000iS) .216 3.500
s21.767 4.000
o94.839 4 .500
364 . /14  b.000
1189.536 0.000 GAIN VS BEAM ENERGY

FROM ABOVE P(z)
2164.440 9.000

S 2331./’~6 10.000
2305.825 11.000
2zi70.490 12.000
3 132 ./4 1  13.000
3.4 93.234 14 .000
iob l . l l i  Is . 000

Figure 3b. Typical Input-Output Sequence for Computer
Program shown in Figure 3a (continued)
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~~~ITY CSTLCAB~Z

IONS , l — N Eu JA TA , 2— QUIT,  3—E LECT &DOPI NG , 4— NE /s SV , 5—O X I ’t
• IHICKNESS IN MICRONS SELECTION OF NON—ZERO To~ OXIDE THICKNESS

_____

0.040 MI Lli ONS __________

G A I N  ‘E— K E V
0.442 2.000
1.013 2.500

42.csd4 3.000
131.021 3.500
282.981 4.000
454.7)2 4.500
•i35.142 5.000 GAIN VS BEAM ENERGY

WITH 0.04 MICRON OF ToP OXIDE
1 43.87 1 8.000
I~~44.342 9.000
2233.426 10.000
2~~l3.8/9 11.000
2/88.412 12.000
3358.714 13. 000
3325.889  14 .000
3~ 89.892 15.000 __________

~~~~iION S , I — N ~~ DATA , 2—Q UIT, 3—ELECTADOPING , 4—NEW .S~ , 5—DXP)b

E ~/Li~ 4—i’ ICI-?Oi4 S N—tX) P INC CM~ —3 MOBILITY
—0 .2h3~ O~ 0. 0.453E 18 0.129E 03
—).l~~o~ 05 0.0200 ).198E 19 0.780t~ 021 .992E 04 0.0400 0 .549 E 19 0 .6)�~ 02
— ) . 42t E 04 0.0600 0.968E I~ 0,572~ 02I. I 4 2 ~ 04 0.0800 0 . h 0 8t  20 0.565~ 02
).i)9E 04 0.1 000 O.772E 19 0.590 E 07
).128E 0~ 0.1 200 0.349E $ 9 o.o7c~ 02 

uIS PLAY OF
i .sOOc 04 0 .14 00 0 .198E 19 0. 7~~I 02 ELECTRIC FIELD
) .SOO E 04 0.1600 0 . 132E 19 0.879~ 02 

~ M
‘) .300t 04 0.1800 O.6~ 8~ 18 0.ION 03 i.iO PING AND n OBILITY
‘ .300~ 04 0.2000 O.595E l~~ 0 . 1 16 E 03
).500 E 04 0 .2 2)0 0.399E 18 0 . I36~ 03
) .sOOt 1)4 0.2400 0.26 7E 18 0 . l60~ 03
;.soo~ 04 0.2600 0 . I~~9E 14 0 . 187E 03
) .DOO E 04 0 .28))  0 . I 2 0 E  I d  0 .2 l 8~ 03
) .~~0O~ 04 0.3000 0.80 5E ) S /  0 .25I~ 03 ________S 
~I 0NS , I — N ~ v4 DATA , 2— dOl T , 3— EL EC TA D OPING , 4 — N E i ~ Sv , 5 —O X I -E

2
LL )ONE

S Figure 3b. Typical Input-Output Sequence for Computer
Program shown in Figure 3a (continued)
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solution due to Guldberg and Schroter~
4
~ which was discussed

- in the first quarter report. Table 2 compares the results of

the computer calculation with an evaluation of the exact

S closed form expression for the collection probability. The

built-in electric field was 5 x V/cm and the j unction

depth 0.5 microns . The surface recombination velocity was

lO~ cm/sec. As can be seen the agreement was exact to at

least four significant figures .

TABLE 2

COMPARISON OF COMPUTER RESULTS WITH CLOSED
FORM SOLUTION FOR CONSTA?TI~ MOBILITY OF E = 5 x 10 V/cm.

Constant Li u -Doping Depend .
Z P(Z)-Computer P(Z)-Closed Form P(Z)-Computer

O~i. 0.1667 0.1667 0.0559
0.05 0. 6935 0.6935 0.7609
0. 1 0.8873 0.8873 0.9387
0.15 0.9585 0.9585 0.9831
0.2 0.9848 0.9848 0.9949
0.4 0.9998 0.9998 0.9999

The last column compares the computer program result for the

same case with the mobility dependent on the doping and with

a doping at the surface of io19 cm 3 and a exponential doping

profile to give a constant electric field of 5 x 103V/cm . As

can be seen the results are quite different near the surface

indicating the value of including the mobility dependence of

doping in the calculation.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



During the second quarter the computer model described

in the previous section was applied to some As+ implanted

samples . The doping profile used is shown in Figure 4. This

• is based on data due to Schwettmann for 120 keV As implants

at iol4 -2 fluence into < 111 > Czochralski silicon annealed

at 725°C for 1 hour. In Figure 4 this profile has been scaled

to 100 keV ion energy by scaling the depth scale proportional

to the energy ratio and adjusting the carrier density to

maintain the same total number of ions. The slope of the tail

region was kept the same because according to the data of

Schwettmann~
5
~ and Dearnaley’6~ its slope is independent of

ion energy. Schwettmann also cites experiments of As

implants through 200k and 600k of anodic oxide which gave

the same tail depth. For the following model calculations,

the profile of Figure 4 will be used for implants through

any top thermal oxide thickness t0 with the depth scale

shifted by tox
A following section describes a series of implant

experiments using 100 keV As into float zone silicon and

annealed at several temperatures. The results from this

experiment are compared to the model calculation in Figures

5 through 7. The annealing temperature for all the experi-

ments was 770°C. Figure 5 compares the model calculations to

34 



_ _ _ _ _ _  

5~~~~~~~~~~~~~~~~~~~~~~~~ 5-~~~~~~~~~~ 5~~~~~~

10 20

- 5-

/ 
_____/ ~ R p2 ) R~ 

:0.075
/ ~Rp:O.O42
I Z 1 :0.125
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8 

82 2 x I O 5cm~

\ 5-,,exp ( - B 2 Z )
C-)

0

5-

I I
0.1 0.2 0.3

DEPTH—Z (EL)

Figure 4,~ Carrier Density Profile for 100 keV As. Implant at
1O~~ cm~~ into <111> Si After Annealing at 725°C for 1 hr.
Based on Schwettmann’s Data at 120 keV by Anodic Oxidation and
Four-Point Probe (Ref. 5).

35

5 5 ~~~~~ ——--—— S ——— S - S S — 5 5 - S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 5 -  - - -~~~~~~~



•~ ~~~~~~~~ •S_~_5-•~__ •_ ___________________ ____________________ _______________S S S S~S S S S S S - 5 S S S~~~ S S _~~~S 5 5 ______

£ Sample A3A <lllb £ x
• Sample MB <110> j

•Sample A].I.B (11]> / I

900 - XSample A8C <lO~D / -

Model Calculations are / I
Based on Schvettman ’s / //
Profile as Discussed /

0 —  in the Text. 
—

x-G

700 - G -

600 - -

x
500 - 

/ 
-

/-Sy:0

400 - -
£ 

~~

300 - io 5 • 110 -

£ 
~ JJJ
x 100

200 — 

/
~— S~: IO7cm/sec -

BEAM ENERGY -

‘

Figure 5. Measured Gain Versus Electron Beam Energy for Four
Samples Implanted (100 keV As+.) at 1014 cm 2 and Annealed at
770°C for 1 hr. in Ar.
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800 - -

700 - -

600 - -

I

500 - -

CD

400 - —

: Sv 107Cm /sec 
S

300 - -

l0~

200 - -
S

tOO - -
0

THROUGH 200 A OXIDE

0 I I I I

0 I 2 3 4 5
BEAM ENERGY (keV i

Figure 6. Comparison to ~9de1 ~alcu1ation for Sample A9C, As+
Implant at 100 keV and 10 “ cm Through 200X of Thermal Oxide
into <lii> .
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3000 —

S

2000 — —

SV :O~~~~~~ SV : IO T cm/sec

CD

1000— — 
S

- 

THROUGH 1000 A OXIDE 
-

0 I. I I I I

0 2 4 6 8 tO
BEAM ENERGY ( keV )

Figure 7a. Compaç~son ~o Model for Sample A17A, As+ Implant
at 100 keV and lO~ cm Into <111>; • and ,~ are Data Points
Measured on Two Different Days.
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800 - -

600 - o /t~ 
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3x IO 5
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-
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S
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-

/ 1 THROUGH (000 A OXIDE
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BEAM ENERGY ( keV )

Figure 7b. Compaç~son ~o Model for Sample A17A, As+ Implant
at 100 key and lO’ cm Into <111> (I and ~ are Data Points
Measured on Two Different Days).
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data from four samples prepared using three different silicon

orientations. The results from the four samples are nearly

the same and agree well with the model. Note that the surface

recombination has very little effect on the model results, for

the range 10~ to 10~ cm/sec. For S
~ 

= 0 the collection

probability is 1 (since no bulk recombination is assumed) and

the 1007. collection probability gain behavior Is obtained.

Figures 6 and 7 compare the model results for implants through

200k and 10O0~. of thermally grown silicon dioxide. Note that

again the agreement is very good. The model correctly predicts

that the gain is larger. Figure 7b compares the fit out to

higher beam energies where the agreement is still very good.

Note that for the implants through thicker oxides the effect

of surface recombination velocity is much stronger. The

reason for this is due to the Influence of the negative

electric field near the sur face due to the Gaussian peak in

the doping profile . Figure 8a shows the electric field for

the doping distribution of Figure 4. Also shown (Figure 8b)

is the electrostatic potential within the n-layer. The

positive doping gradient near the surface produces a potential

well which has the effect of trapping carriers near surface. 5
5

This Increases the average residence t ime near the surface and S

increases the probability of surface recombination. For this S

40
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C-)

I—-
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B.
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Figure 8. Electric Field and Electrostatic Potential for the
Doping Profile of Figure 4 Calculated Using Equation (4)
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particular case most of the carriers generated on the surface

side of the doping peak will recombine near the surface for

recombination velocities ~ l0~ cm/sec. For an implant through

1000k of oxide a surface recombination velocity of l0~ cm/sec

• results in almost 1007. collection probability because now the

potential well near the surface has been removed.

The effect of the oxide implant and surface recombinat ion

can be seen more clearly in Figure 9. These are model outputs

for the collection probability using the Schwettmann profiles.

Note the large increase in the collection probability near the

surface as the oxide thickness increases. For an oxide thick-

ness of 600k the potential well near the surface has been

almost completely eliminated and the collection probability

is maximized. Also note that for the thinner oxides where

the potential well is still present recombination velocities

of 1O7 and io6 cm/sec give almost the same result. When the

potential well (for oxide thickness greater than 750k) is

eliminated a recombination velocity of 106 cm/sec gives much

larger P(z) .

Figure 10 compares the measured gain at 2 keV for the

previous described samples versus the implant through oxide

thickness t . Model results for three surface recombinationox
velocities are as shown. There is no reason to expect that the

42 

J

~ 

~~~S - - - S 5 S 5 5 S S-~~~~~



• 5-
~~~

5-5-
~~~

5- •___5-5-_ •5- •55S 5-_55-~ 5-

C,)
Cl) 4.4

I Li.I
I w

,-1

C-) —
— 4.4 j

I 0 0 0
=
I—.
Li.i$ ‘ ~~~ 0

S ~ c.%J
91 0 —I I  % •

% ‘

‘ ‘5 %  0 u O4~~~~5 %  0~~~— o ~~~r4\ ~~~~~~~~~~~~~~~O s  ‘ I— .—~~~~~—

~~~ 
‘s. _

‘S “~s,~• —i
5 %  •‘ ‘%• Q_
I’ ‘%

~ 
‘5.~ CO S

l i t  — 0  w
5 %  •

~~~~~~
.... ~~~~U)

IS ’ 
is 0 o—.

Iii

t t 
‘
~~4... i—4 00< 5-’-_~ i-S r-i

-~~ CD 0
u l l0 —

cj  0
~ 0

~ ‘o 0
— 0 u

-
~~~~~~~~~~

C., o
-

~~~ 
W

E
i-i

% Cs.I c~~ Q)

2 

0
0

II

~~ 
0
0 :~~~

AIIlI9V8OèId NOIJ.331103
43

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —- ~~~ •5-~~~~~~~~ s~~~~~5-.5-5- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 • 5 - S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



U)
U)
LiJ

I ~~~~- .~~~I 
~r4 .rII C~

) -I — 0 °~~I
t—• I ‘ 
U—

I’  I—
• % 0

-~~~~~~~~~

o

L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I UI
I w0 V

‘ ‘-I U) 
~~~

~~~~~~~~l \ ;
~0 — • ~~~

. 4-)
~sj O C ,  .i~~~~~1 = .

~~~~ r-1~~~
• =I x

0 t...1

I
0Q-. ~‘I Lii ~~1.4 0

‘I
i-4 0

CD
OCl~

0< 0

S -

~~~~~~ U
U) ;Iw

C J U
C.) 

0
O % 0
— %

q~

o o m

C/) 0 %

CO 
~ 0 W r 4

0 CO ~D 0a o

AJ.flI8V8OèId NOI..LO]T100
44

5 - S  - _____ 5 — - - - -~~~~~~~~~~~~ -~~~~~~~~~~ —5 - 5-- -  S



rr~
r 

~~~~~~~~~~~~~~~~~~~~~~~~
• 5 - 5 - 5 - 5-_ 5 5-~~~~~~~ 5 5-~~~~ 5 5 _ _  -

~~~

-- -

‘—U)
• p — 

~~~~ wo ~~~.

~~~~~~~~

~ I / ~- /
12 1

E lU I
it) I Lii Q~ Q~2I~~~~~ ~

-
I _

~ I ~~~~~C .) o c a
— . —

I i i  0I Q)

CO

• — Q o ~~~-1-1 0)

‘ C-)
‘-4U 

~~~~~

‘
V

2

I—. ,%•

C-) “.- ‘— or-iLii ,s•_~ ~~~Z o
__$ U)

00
C-) c~J•

_
~s_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— O — c S ( 1 J
0

-I-O 
~)C ~)

2

0
S . — •~~~~~4 W

_ “3CO ~~~~~4J -VI

= O r.~

I I <<1< 0 Q..I I I •~~~• 0
0 0 0 0 0O 0 0 0 o 0 ULC) C~’J —

MM~~~~~ 
4D NIV9

45

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- S Ad



I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 55- 5-- —-.——555-- - -- S S 
--__

recombination velocity should be the same for all these

samples for several reasons . First , the surface doping is

different and this may affect the recombination. Also, while

it was attempted to treat all the surfaces the same, the

growth of different thickness of thermal oxides (which were

removed before measurement) could also cause a different

surface recombination velocity.

The maximum recombination velocity is limited by the

thermal velocity of holes in silicon (� 5 x io6 cm/sec) . This
7is consistent with the maximum recombinat ion velocity of 10

cm/sec required to fit the data in Figure 10. It is interesting

that the deviation from the model is fairly systematic with the

gain being too high for small t0~ and probably somewhat too low

for thicker t0~ . However, the general trend is certainly

correctly predicted by the model. Probably the principle

reason for these deviations are the errors in the assumed

doping profile. Anodic profiling of these As~ implanted

samples is being done as a part of the contract effort. These

profiles indicate that the doping peak is closer to the surface

than indicated by Schwettmann’s data. This would reduce the

effect of the potential well for implants through thin oxides

and improve the agreement between experiment and the model.

This will be investigated during the next quarter.
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+The good agreement between the model and the As implanted

samples was obtained without assuming any bulk recombination.

It is proposed that with proper processing and choice of the

correct annealing temperatures it is possible to produce planar

• diodes where the effect of bulk recombination near the surface

is negligible.

The model can be used to quantify this statement. Figure

11 shows the result of a model calculation using the Schwettmann

profiles for implant through 8001 of oxide. Three curves for

the collection probability and gain versus energy are shown .

The region between Z = 0 and 0.02 microns is assumed to have

a minority carrier lifetime of T = and the rest of the n-

layer has T = 0. One case is for Sv = 1O7 cm/sec and = 0.

This corresponds to the typical cases in the previous discussion

where bulk recombination was ignored and the surface recombinat-

ion velocity was chosen to be large. The other two cases show

the effect of introducing recombination near the surface. One

curve is for T = lO_1.2 sec and S = ~~~ cm/sec . This corres-1 v
ponds to the first case but with bulk recombination introduced

near the surface. The effect on the collection probability

is small. The third case is again for = lO
_ 12 

sec. and

S = 0. If 
~l 

— 0, the collection probability would be

identically 1. In this case the effect of non-zero bulk

-11recombination is very large. Choosing T
1 

= 10 sec produces
47
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only small changes in the collection probability. This

determines the amount of bulk recombination that would be

required to produce an observable effect. Very high bulk

recombination rates 
~~~ 

l0~~~ sec) are required because of S

the short residence time of the minority carriers near the

surface due to the high electric fields and short distance

to the collecting diode.

Note that the collection probability and its associated

gain versus energy curve is almost indistinguishable between

the case S = l0~ and r = 0 and the case S = 0 and T =v 1 v 1
i0~~

2 sec. This points to the problem of distinguishing the

difference between high bulk recombination near the surface

and surface recombination from a single set of measurements

of gain versus energy, since some distribution of bulk re-

combination can always be found to fit the data.

A possible way to clearly distinguish between bulk and

surface recombination effects on the observed gain versus beam

(7)
energy curves is to fabricate a BEANOS-like target from one

of the As+ implanted samples. The geometry is shown in Figure

12. This sample was fabricated by implanting As+ through 800k

of thermal oxide and annealing the sample for 1 hour at 770°C

in Ar. This is the same process used for all the As
+ samples

just described, except that the oxide is normally stripped
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either before anneal or after anneal. (During the first

quarter, the order of stripping and annealing was found to

make an insignificant difference in the measured gain versus

energy curves.) About 400k of Al was sputter deposited on

the oxide and the metallization patterned into small areas,

some of which resulted in unshorted MOS capacitors. Such a

structure can be operated as a BEANOS target . By irradiating

the MOS structure with positive bias on the Al layer , relative

to the silicon, and with an electron beam energy (-. 3 Key)

sufficient to penetrate through the oxide, positive charge will

build up in the oxide near the silicon interface. The field

due to this charge and the applied bias is known to be in

excess of 5 x lO6V/cm with the metal bias still applied. This

field produces a large reduction in the surface recombinat ion

velocity. BEANOS targets have an oxide thickness of 2800k and

an n-layer doping of —. io16 cm 3. Measurements on BEANOS

targets show that the surface recombination velocity varies

between — 4 x l0~ cm/sec and 4 x 106 cm/sec between the

maximum stored charge state and the minimum field state (which

occurs for negative bias irradiation). While the exact range

of modulated surface recombination is not known for the thinner

oxide thickness and higher doping level in this experiment , it

would be expected that the modulation would still be very

51
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large, at least between 1O4 and 106 cm/sec.

Figure 13 shows the experimental results. Again

Schwettmann ’s profiles were used, modified for implant

- 

through 800k of oxide. Three sets of curves are shown

for a top oxide thickness of 0, 0.06 and 0.11 microns. These

correspond to the electron beam impinging on areas with no

top oxide, where there is oxide only and where there is oxide

and metal. The thicknesses chosen were adjusted slightly to

provide a better fit with the model. There is some deviation

from the model at the higher beam energies where the beam is

penetrating past the diode junction. This is probably due to

recombination in the diode depletion region or in the p side

of the diode. This has been noticed on several samples and will

be discussed later.

The (A) points are the gain versus energy data for the

area with no oxide. The fit is reasonably good at least at the

low beam energies. The (.) points are for the area with just

oxide and again the fit is reasonably good although the oxide

thickness was chosen slightly thinner than indicated by the

processed oxide thickness. The i and D points are the gain

versus energy for the complete structure with an Al and oxide

layer. The I points are for irradiation with -10 volts on

the Al and the ~ points are for +10 volts on the Al. The
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agreement with the model, especially at 4 keV is very good.

The amount of gain increase between the high recombination

state (-10 volts) and the low recombination state (+10 volts)

is in accord with the model, if the surface recombination

velocity is decreased f rom — l0~ cm/sec to less than l0~ cm/

sec. This is exactly the range expected from the BEANOS data .

Such a large change in gain would not occur if bulk re-

combination were used to explain the initial gain versus

energy curves , because the field due to the stored charge

would not affect the bulk recombination process except within

a Debye length of the surface. The Debye length at the surface

of this sample is — 101. Bulk recombination centers within

b k  of a surface are philosophically as well as practically

indistinguishable from surface recombination. This experiment

lends very strong support to the conclusion that, for these As+

implanted samples, all of the gain deficit observed is due to

surface recombination.

Special Case: Uniform Mobility and Uniform Doping.

The equation set (3), (7) and (8) can be easily solved S

in one-dimension for the case of uniform doping and uniform

mobility. The solutions are piecewise linear functions.

Alternately the collection probability can be obtained from

Guldberg and Schroder ’s solution (see 1st quarterly report) by
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taking the limit of zero electric field. The collection

probability is:

(l+ (~~)z Z= � W
P(Z ) = _ _ _ _ _ _ _ _

D (25)

D = (KT/q )~t Z =

where again bulk recombination in the n and p layers is

being ignored . Because the collection probability is

linear in Z, the integration of Equation (25) and (12) has

a very simple form if the electron beam generation g(Z,E~)

is negligible zero for Z > W. In this case the gain can be

written as:

Gain - 
1 + (~~ )TA

GM

= ± ~~~dzg (z+T0 ,F3) (27)

S 
where :

~~ ~~~~~~~~~~~~~~~~~~~~~~~~ (28)

S TA is the average penetration of the beam penetration

(centroid of the electron hole pair generation distribution
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in the n-layer). (S
~ 

0). The dependence of TA and GM

on the oxide thickness T is shown in Figures 14 and 15.
-
~ ox

As an example of the applicat ion of this solution

consider the geometry in Figure 16. This corresponds to

• the structure used in some of the alloy writing experiments.

The region between Z = 0 and Z = _T
D is assumed to be an

electrically inactive region due to the writing process so

that carriers generated in this region by the electron beam

do not contribute to the diode signal. This region could be

composed of a layer of deposited metal or a region of semi-

conductor damaged by the writing process (e.g. heavily

alloyed with metal) or a combination of both. Normally the

recombination velocity at Z = 0 is taken to be io6 cm/sec

since the metal/silicon interface will usually have high

surface recombination. Using Equations (26) through (28) it

is possible to construct curves of electron beam gain versus

beam energy for various thicknesses TD . The junction depth W

is normally determined from the best fi t  to the model in a

region where TD is known, e.g. an unwritten region with just a

deposited metal or a region where the metal has been stripped .

If the varying TD is due to some writing process which consumes

silicon, then it is necessary to hold W + T
D 
constant rather

than W constant. Normally W >> TD so this correction is not S
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required. Figure 17 shows such a set of curves for a sample

where the junction depth W = 2.8 microns, which is appropriate

for most of the samples used for the alloy junction writing

experiments.

Comparison to Other Work

The question that has been addressed in this section is

what has been generally called in the literature the “dead-

layer” problem. This is possibly better described by the

term gain deficit. What was noted by many workers was that

the signal out of a minority carrier collection structure,

such as a planar diode, was usually less than the expected

ideal. When measurements were made as a function of pene-

tration depth of the electron-hole pair generating radiation

(electron beam energy or photon wavelength) it was usually

found that the results could be explained by the concept of a

region near the surface which was not contributing to the

signal, i.e., a “dead-layer”. While it is often possible to

fit experimental data by this simple assumption, this is no

guarantee that this is the correct explanation. Some of the

experimental structures reported on by the early investigators

used heavy P diffusion to produce doping gradients near the

surface. Since P diffusion is known to produce damage~
8
~ in

the surface region, it is quite possible that the dead-layer
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hypothesis was correct for many of these experiments.

Buck et al~
9
~ and Gordon and Crowell UO) observed that

a carrier diffusion model could explain some of their results

on silicon diode arrays when the surface had been etched or

oxidized to reduce the surface recombination velocity. In

some cases they required no dead layer to fit the data, only

a reasonable surface recombination velocity. While the

simpler structures studied by Gordon and Crowell with a low

uniform doping profile exhibit no evidence for bulk re-

combination, they also have very small gain at low beath — - -

energies or short photon wavelengths. They (Gordon and

Crowell) were probably the first to publish an experimental

(11)realization of Moore and Webster s suggestion that a

doping gradient near the surface could improve the collection

probability. They also found (as we have) that diffusion of

S 
dopants tended to cause a “dead-layer” near the surface. For

deep generation of carriers the diffusion was beneficial,

however, for shallow generation (- 0.1 ~im) the collection

probability was smaller than without the P diffusion. This

was probably due to damage induced by the P diffusion.

Buck et al also observed that for their lightly doped

N-type material surface inversion could occur causing a

depletion layer depth of — 1 ~tm . This explained the very thick
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“dead-layers” (— 1 ~m) they somet imes observed before P

diffusion. These “dead-layers” were dependent on surface

treatment; for example a HF etch which could eliminate the

surface inversion.

Attempts at the analysis of the effect of the P

diffusion by Buck, et al, consisted of continuing to assume

a thin “dead-layer” (typically — 0.1 .im) and assigning a

small effective sur face recombination velocity to a phantom

surface at the boundary of the “dead-layer” with the bulk

(3)material. Guldberg and Schroter attempted a more

sophisticated analysis which included the effect of the built-

in electric field past the “dead-layer” and assigned a large

surface recombination to the same phantom surface. The result

of this analysis essentially showed that the small effective

surface recombination velocity assumed by Buck, et al, and 
S

Gordon and Crowell was due to the effect of the built-in

electric field .

While the analysis used by Guldberg and Schroter was

more sophisticated than previous work they still concluded

that “dead-layers” were required to explain their experimental

results. Even when the heavily doped region near the surface

was stripped, they concluded that about a 4001 thick “dead-

layer” was required to fit the data. This, they concluded, was
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the minimum “dead-layer” for a real silicon surface . This

does not seem sens ible and contradicts the results of Buck,

S et al, for more lightly doped n-material.

• The results of our analysis show that for As+ implanted

samples, properly annealed, there is no “dead-layer”, i.e., S

no region of very high bulk recombination near the surface.

We have found for As+ implanted samples with surface con-

centrations of — 1019 cm 3 that the gain deficit observed

can be explained by surface recombination coupled with

F solutions of the carrier continuity equation which include

the effects of doping gradients, dependence of mobility on 
5-
i

doping, and the correct electron beam carrier generation

profile. This conclusion was further supported by the

experiment using surface recombination velocity modulation

due to charge buildup in an overlying oxide. (BEANOS-like S

structure) This experiment clearly demonstrated that the

effect of surface recombination velocity on the gain deficit

was as predicted by the model. We believe this to be the

+first demonstration that n layers can be produced which

maximize the readout signal or gain from planar diode structures

without invoking a “dead-layer” hypothesis to explain the re-

duced gain at low beam energies.

L ~~~~~~~~~~~~~~~~~~~~~~



Future Plans

Similar one-dimensional modeling will be applied to the

implanted samples, which were described in the planar diode

experiments section. The As+ data will be analyzed further

using the As profiles obtained by anodic oxidation and 4-point

probe measurements. Preliminary indications are that this will

provide an even better fit to the data. These results will

probably further substant iate the validity of the model

assumptions . Assuming this is the case, the model can be used

to analyze and design further experiments related to the writing

process.

The model, as it now stands, is well suited to studying

damage writing by ion beams and alloy writing. These applicat-

ions will be further pursued. The model can also be used to

provide insight into the two-dimensional carrier diffusion
S 

equations for application to the bit packing density problem,

by analysis of the field driven and diffusion driven components

of the particle current. This application will be further

explored .
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SECTION III

FABRICATION OF PLANAR DIODES

The planar diode studies initiated during the first  S

quarter were continued. Both p+ and As+ implants were studied.

Tables 3 and 4 summarize the additional samples which were

evaluated in the SEM.

Modeling studies and early As+ implant work indicated S

that moving the implanted ion distribution peak near the

surface would increase the gain (reduce the “dead-layer”).

This peak can be moved near the surface by implantation

through an oxide layer.

The starting material for these experiments was < 111 >

orientation Boron-doped float zone silicon wafers with

resistivity between 1Ô and 20 ohm-cm. Dry thermal oxides

were grown at 1100°C over a range of thicknesses between 4001

and 14001. These were implanted at 100 keV with As+ at a
14 -2fluence of 10 cm . As can be seen from Table 3 implants

through — 100O~ of oxide produces plana r diodes with gains of

400 to 500 at 2.5 keV. This is 707~ of the maximum possible

gain at this beam energy and corresponds to an equivalent dead-

layer of 2001. As discussed in Section II this is not an

actual thickness of damaged material but is a gain deficit due

67
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TABLE 3

SUMMARY OF PLANAR DIODE EXPERIMENT S FOR 100 keV,
1014 ~~-2 As+ IMPLANTS INTO < 111 >, FZ, l0-20~-CN
P-TYPE Si. ALL ANNEALS WERE IN Ar AT 770°C FOR 1 HR.

Sample Surface Anneal Gain at
Number Prep . Conditions 2.5 keV (TD) 5 keV (TD)

A11B - 770°C 160 5401 740 10001
l h r. I

A12B 4001 oxide 770°C 320 3601 830 9001
before implant 1 hr.

A13C 6001 oxide 770°C 290 4001 870 8401
before implant 1 hr.

A14B 8001 oxide 770°C 350 3301 950 7001
before implant 1 hr.

A17A 10001 oxide 770°C 400 2801 1100 4401
before implant 1 hr.

A16A 12001 oxide 770°C 500 1801 1100 4401
before implant 1 hr.

A39C - 770°C 160 5401 880 9201
l hr.
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TABLE 4

SUMMARY OF PLANAR DIODE EXPERIMENTS FOR 100 keV,
1014 ~~-2 p+ IMPLANTS INTO < 111 >, FZ lO-20.,.-CN
P-TY PE Si. * ANNEALS WERE PERFORMED IN Ar ATMOS PHERE S

Sample Surface Anneal Gain at
Number Prep. Conditions 2.5 keV (TD) 5 keV (TD)

P16A 16001 oxide 770°C NE NE
before implant 1 hr.

P17A 18001 oxide 770°C 350 3301 950 7201
before implant 1 hr. S

P18C* - 770°C 110 6201 400 16401
l hr. S

P22B - 770°C 100 6301 470 15001
1 hr.

P23B 11801 oxide - 125 5901 640 12001
after implant

P25B 27301 oxide - NE NE
after implant

P26B 36651 oxide - 90 6501 500 14401
after implant

P27 18001 oxide - NE NE
after implant

P28B 42901 oxide - 110 6201 570 13001
after implant

* P18 was 400A-cm < 111 > p-type Si
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S to carrier diffusion towards the silicon sur face . Figure 18

shows the gain versus beam energy data for one of the better
S + . +

S As samples. During the next quarter 100 keV As implants

through 8001 of thermal oxide will be used for most experiments
• both for ion implant and alloy junction writing.

S Table 4 summarizes some additional P implant experiments.

These experiments were not actively pursued because of the

success with the As+ implants. In addition, P~ implants can

show undesirably deep tailing in the profiles. On several

— samples, oxide growth after implant was attempted. It was

thought that this might reduce the “dead-layer” effects by

removing damaged silicon near the surface or annealing out

the damage due to the high temperature oxide growth conditions.

As can be seen from Table 4 the results were not encouraging.

This approach is not now expected to be useful because the

S modeling studies indicate that surface damage is not important

in controlling the low voltage gain in these targets.

Just as for the As+ implanted samples, the best results

for phosphorus implants were obtained by implanting through

oxide layers. See, for example, sample P17A in Table 4 and

samples P9, 10 and 11 in the first interim report. Figures

19 and 20 show typical gain versus beam energy measurements

for two of the implanted samples. Most of the measure-

ments for the As samples are included in the modeling section
70 
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Figure 19. Gain vs. Beam Energy Measurements for P+Implanted
at 100 keV, 1014 cm 2 Fluence, 7° 0ff-Axis at Room Temperature.
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(Section II) as part of a comparison to theory .

The low energy gain is not as high for these P samples

as for the As samples, however, they are still useful. The

• best P sample achieved about 55% of the maximum possible gain

at 2.5 keV. This compares to -~ 707~ of the maximum possible

gain achieved for the best As+ implanted sample. Probably

the principle reason for the better results with As+ is that

the doping profile is steeper near the surface which gives a

stronger electric field . The modeling section discusses the

S benefits of a steep doping gradient near the surface. The

doping profiles for some As+ and P~ implanted samples are

discussed in the anodic profiling investigations found later

in Section ii:.

During the next quarter planar diode studies will

shift emphasis to Ge substrates . Work has begun to determine

the degree of severity of the “dead-layer” problem in Ce

planar collection diode devices. Ge may be the desirable

medium for writing information using the alloy junction method.

It has one-third the thermal diffusity of silicon ; the surface

of Ge is less prone to oxidation; and a number of suitable Ge

metal eutectic systems exist. Experiment s will attempt to

achieve planar diodes with small gain deficits at 4 keV.

Because of the higher mass density of Ge, these targets can
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be operated at somewhat higher beam energies without increas-

ing the amount of electron scattering. The electron scatter-

ing and penetration will be the same at 4 keV for Ge as at

2.5 key for Si.

Using ion implantation, planar collection diodes have

been formed in p-type < 100 > 1-3 ohm-cm Ga-doped Ce.

+

and As ions were implanted at energies of 50 keV and 100 keV

to fluences of iol3 ions/cm2 . As+ implanted at 50 keV and

100 keV, produced calculated projected ranges of O.O2l4ii and

0.038~ and 0.0792~.x , respectively. 
(12) An annealing schedule

S calling for 500 ° and 700°C, 1 hour anneals, in inert gas flow

is being pursued currently, in order that these targets may be

examined in the SEM to determine the resulting “dead-layer”

thickness for Ge devices. A bank of furnaces dedicated solely

to the Ge work has been established for this work.

Anodic Oxidation and Profile Measurement

As noted above, it is desired that the information

storage side of the planar collection diode have a steep

gradient in carrier concentration with the concentration de-

creasing by a factor of 50 to 100 in the 10001 from the surface

to the junction. These targets are produced by ion implantat-

ion and such parameters as ion species used, beam energy, and

thermal oxide thickness on the surface must be chosen to yield
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a suitable target gradient. In order to check the modeling

of the collection efficiency, as well as the actual device

structure, it is necessary to experimentally determine the

carrier concentration achieved as a function of depth. The

method chosen for doing this profiling is that of incremental

sheet resistance measurement.~~
3’14

~ Resistance is measured

S

i by a four-point probe as shown in Figure 21 where current

flows through the outer probes and voltage is measured

between the inner probes. A layer of silicon is removed and

the process is repeated. Conductance as a function of depth

is plotted and a smooth curve drawn to fit the data. The

curve is digitized and is entered into a computer program

which then calculates the profile. All of these procedures

will be discussed in more detail below.

The four-probe resistance measurements are taken by
/

first running a current through the voltage probes to “form”

the contacts. (15) A number of fixed currents are then passed 
S

through the current probes and the voltages are recorded for

each. The current is reversed to help correct for any biasing

effects. The probes are then reset to a new location on the

wafer and the process repeated. Currents are supplied by a

Digitek 3110 precision current source with resolution to micro-

amperes. Voltages are measured on a Keithley l6OB multiineter.
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I WAFER I
INSULATING BASE

Figure 21. Four-Probe Resistivity Measurement. Current is
S Passed Through Outer Probes, Voltage Measured Through Inner
S 

Probes. Probe Spacing “S” is 0.0625 in.
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The four-point probe station is by Signatron Corp. and has

a probe spacing of 0.0625 in. and pressure of 45G.

In regions of high conductance (the first region of

the profile) it has been found that the results are quite

reproducible. Dependence of the resistance on current is

very small. Systematic biasing effects are small, and

resetting the probes yields results which agree to within

a few percent. Measurements deep into the sample are not

so reliable and appear to be related to the junction

characteristics.

Since the conductance as a function of depth is needed,

it is necessary to remove layers of silicon between measure-

ments. Mechanical removal is difficult to control, may

result in surface damage s and would doubtfully provide the

resolution desired. A chemical means is more appropriate.

Simple chemical etching is difficult to control precisely,

so the method chosen is to oxidize the silicon surface,

measure the oxide thickness, and then etch away the oxide

without significantly affecting the underlying s~1icon. The

last step is carried out using buffered ~~ 
(16) The technique •

of anodic oxidation is used, since the high temperatures used

in the growth of a thermal oxide will likely affect the profile

sought.
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In anodic oxidation, the silicon wafer forms the anode

in an electrolytic cell. Reactions~~
7
~ at the cathode and

anode which are independent of electrolyte used, are :
b

2 H20 + 2~ -~~ H2 + 2 0H (cathode) -

Si + 2 H20 
,
~~ Si02 + 4H+ + 4e (anode)

One might, therefore, expect that for a given number of

coulombs passing through the cell, a well-defined r ickness

of oxide would be formed. The current efficiency, however ,

is only about 0.8% and depends on the conditions of the

anodization. 
(16-20) Schmidt and Owen~

2’
~ point out that the

resistance of the oxide deposited at higher current densities

is larger, due either to a thicker oxide layer (higher current

efficiency) or a higher resistivity of the oxide.

A typical voltage-time curve is shown in Figure 22

which is taken from Ref. 16. Similar behavior was noted in

our work although anodizations were usually terminated at

roughly 100 volts, well below the maximum voltage obtainable.

Typical values for V0 that we have found were 12-18 volts, in

agreement with those reported in the literature. According to

(16)Davies et al ., 3 volts is independent of cur rent density

and is the emf associated with the electrode reactions. The

rest is proportional to current density and is the IR drop
79
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across the electrodes and electrolyte. V should be
0

subtracted from V to give the voltage across the oxide

layer .

The choice of an electrolyte is nontrivial. A variety

of electrolytes are cited in the literature. One wishes to

avoid or minimize detectable dissolution of either Si or

SiO2. It is also important to avoid “creeping” of the

electrolyte up the electrodes , a problem with N-

methylacetamide, a popular electrolyte. Furthermore, water

absorbed in the electrolyte will sometimes result in oxide

layers of poor quality. ~~7) We have obtained satisfactory

results by using concentrated nitric acid (70%). At elevated

temperatures, it is noted that the choice of an electrolyte

depends somewhat on the samples involved since materials of

higher conductivity and/or suffering radiation damage~
22
~ may

anodize differentially.

The anodization cell used in this work is illustrated

in Figure 23. The wafer is mounted in a custom holder based
S 

on a design by R. A. Sigsbee. 
(23) This design enables the

S anodization of one side of the wafer only with an electrical

contact to the rear of the wafer which is well insulated from

the electrolyte. Schmidt and Michel~~
8
~ and our preliminary

experiments have shown that stop-off lacquers are unsatisfactory
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for this purpose. Illumination of the wafer during the

anodization process has been found to affect the current-

S voltage characteristics. It has been pointed out~~
8
~ that

for n-type silicon, the rate of growth is limited by the

concentration of holes, largely generated by illumination.

The current is supplied by an HP-6209B regulated

current and voltage source. Schmidt and Owen found that

the quality of the oxide was dependent on the current densit~~~~

Current densities of 7, 5, 2.8, and 2.3 mA/cm2 have been used

with little difference in oxide quality noticed. The

anodizations went much more quickly in the case of the larger

current densities, as expected. Typical times for anodizations

were around 20 minutes.

The thickness of the oxide layer is measured by means
(24)

of ellipsometry. The ellipsometer reflects polarized light

from the oxide surface and Si-Si02 interface through an analyzer

to a photo cell. Minima of the reflected signal are obtained

by rotation of the polarizer and analyzer. Computer analysis

of the angular settings yields an oxide thickness and index of

refraction of the oxide. Two measurements from different spots

on each film are taken. These measurements typically agree to

within 51.

We noticed a systematic increase of index of refraction

with decreasing oxide thickness. Examination of different
83 
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phases of Si02 along with their densities and indices of

refraction indicates that the density of the oxide layer

S is increasing with decreasing film thickness. This is

important since the thickness of the oxide mus t be related

to the thickness of the silicon removed to obtain the

profile. 
(25) Busen and LinzeyU9) have studied directly

the ratio of silicon consumed to Si02 thickness and have

found results consistent with those above. Although there

is substantial scatter in the data of Busen and Linzey,

calculations based on their results yield Figure 24 which

relates the thickness of oxide to the silicon consumed .

The straight line in Figure 24 is based on a constant ratio

of (thickness Si/thickness Si02 ) = 0.45 which assumes an

oxide density of 2.27 g/cm3 independent of thickness. The

difference between the two curves is important for relatively

S thin oxide layers.

The sheet conductance, G(x), is given by

G(x) = t1n2/irl.I/V = 0.2206.1/V (29)

where I and V are the 4-point probe readings. This assumes:

(1) Equal probe spacing.

(2) Dealing with a semi-infinite volume.

(3) No change in type and planar uniformity in doping

in the depth probed. These assumptions should all
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of Layer Thickness

85



be valid~
26
~, except for the third which is not when

the surface is near the junction. Strictly speaking,

G(x ) is only the sheet conductance if T is much less

than the probe spacing (see below and Figure 25.)

However, since we will be interested in only the

differential of the conductance, it is required

only that the change in x (material removed each

step) be much less than the probe spacing. This

is certainly valid since the probing is done in

less than 300k steps.

Referring to Figure 25, the sheet conductance is

simply given by

G(x) ~(y).dy (30)

Hence, the conductivity at the surface “x” is given by

~y(x) = dG(x)/dx (31)

Note that this result is independent of T and depends only

on the above-mentioned assumptions.

Differentiation of data must be done very carefully.

The procedure adopted is as follows:

(1) 0(x) is plotted on semi-log paper as a function of x.

(2) A smooth curve is drawn through the points. This

performs a first averaging of the data.
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(3) This smooth curve is then digitized using a

Numonics Corporation digitizer inputting the

data to a HP 9830A.

(4) A computer program then performs three functions.

First, it differentiates the inputted data;

second, it converts the calculated conductivity

to carrier concentration, N(x); and third, it

plots N(x) as a function of x using a HP 9862A

plotter.

Two approaches were carried out for the differentiation.

The first was to differentiate point-by-point and carry out

an averaging of up to 8 points. For example, the average for

four points would be:

~G(N) - G(N+l) + ~ 
G(N-l) - G(N+2) 4 32

Lx(N) - x(N+l) ‘ x(N-l) - x(N+2) ‘

where the factor of 3 is to weight the higher accuracy value

and the factor of 4 is for normalizing the average. The second

approach was to use the procedure of Evans and Donovan~
27
~ where

the identity

cy (x) = dG(x)/dx = 2.3.G(x).d[log10G(x)lfdx (33)

is used. The derivative of the log is slowly varying, in

practice, and is calculated by determining the slope of a

least-squares fit line through 5 points centered on x.
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The conversion of a to N was carried out using the

expression of Caughey and Thomas (28)
,

~ niax 
- 

~min~+ (34)m ~ [1 + (N/N f)
a
]

Their sim~ary of the literature for p-type Si gives

~min = 47.7 cm V sec

V sec

N = 6.3 x 1016 ~~-3ref

a = 0.76

(29)For n-type Si, the results of Baccarani and Ostoja are

used, namely

~min 92
~~~ 

V sec

2 -l -l1360 cm V secmax

N = 1.3x10 cmref

a = 0.91

It is noted that these last values are for phosphorus doping.

Different values would be expected for different dopants but

within the experimental errors and desired accuracy, should

not be critical. In the computer program, the conversion of

a to N is done by successive approximations. Seven inter-
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actions are sufiicient to obtain greater than 997~ accuracy.

Figures 26 and 27 indicate the input and output of a

test run. Figure 26 shows a seinilog plot of a linearly

decreasing conductance (note insert) which correspond s to

a constant concentration of 1018 cm 3 (n-type Si). Figure 27

shows the output of the computer program. Here the circles

are using the Evans and Donovan procedure while the x ’s use

the point-by-point differentiation , averaging four points .

Different digitizing inputs were used in each case so that

the two sets of calculations cannot be directly compared.

It is seen, however, that the procedure is valid to about

± l57~ with most of this error apparently related to the

care with which the initial curve was plotted (by hand, not

by computer). A larger-scale, more carefully drawn initial

plot, and greater care in digitizing would reduce the scatter.

These results, however, represent typical data handling

procedures .

Profile measurements were made on five samples. Three

of these were too small to use the regular anodization holder,

and so a holder providing a smaller anodized area was used .

The area exposed to all anodizations was smaller still, due

to the impossibility of aligning the wafer identically each

time. As a result, the data from these three wafers had
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substantially more scatter than those from the other two

larger wafers and quantitative profiles were not obtained.

It was found , however, that the thermal oxide thickness

prior to implantation plus the junction thickness, as

determined from the data, added to roughly 1200k for the

three samples. This is the expected penetration for the

implantation. Furthermore, the conductivity of two of the

wafers, measured beyond the junction depth, approached the

intrinsic value expected for the original material.

The two larger wafers, P18A (ion: P, energy:l00 keV,

dose:l014/cm3) and A22A (ion: As, energy:lOO keV, dose:

1014/cm2) gave more precise results. There was no thermal

oxide grown on either. The conductivities and computed

profiles are shown in Figures 28 through 31. Note that the

phosphorus profile is nearly flat for the first several

thousand angstroms, while the arsenic profile peaks near 500k

and drops off rapidly thereafter. These results would indicate

that a wafer implanted with arsenic ions through an appropriate

thermal oxide at an appropriate dose might well provide a

workable archival memory target.
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Figure 28. Conductance of Sample P18A as Function of Depth.
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O.2206/(V/I)
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SECTION IV

INFORMATION WRITING STUDIES

Inert Ion Writing Experiments

At the end of the first quarter , with the planar diode

studies proceed ing successfully, a set of ion writing ex-

periments was conducted. These studies employed He ions to

write a pattern using an ion damage mechanism, rather than

the ion doping mechanism, initially proposed as the storage

technique. The resulting device showed excellent reading

characteristics akin to those produced by writing diode bits

with a boron ion beam.

Damage writing, therefore, appears to ha~e potential

as the candidate writing method. The problem of depletion

field spreading may be considerably less severe, since an

actual diode is not formed during the writing process in Si

(inert ions impinging on Ge can cause p-type conversion).

Since less fluence may be required to sufficiently damage

the semiconductor than dope it, higher writing rates may also

be possible. The higher writing rates may be supported even

more by the possible existence of a gain mechanism in the

damage writing process. Experimental writing to date would

indicate two orders of magnitude less fluence required for
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damage writing than by doping writing. In addition, a wider

variety of elements are potentially suitable for this method,

giving greater latitude for selection of an ion appropriate

to the electron optics. Yet, the damage writing may still

retain the desired “archival” feature, with written data

withstanding relatively high temperatures and rugged treatment.

In the initial ion doping writing using boron ions, the

output signal is modulated by variation in the number of

electron-beam induced carriers collected at the planar diode

due to the presence of the boron implanted diodes in the

surface of the substrate. Electron-hole pairs generated by

the reading beam are trapped by the diode’s depletion field

until they recombine.

Damage-writing could result in local carrier re-

combination due to the resulting very short minority carrier

lifetime. Incoming implanted ions s~gnificant1y disrupt the

crystalline order of the semiconductor, producing many defects

which act as trapping sites, along the ion path.

For a crystalline target, the substrate atoms are bound

to their lattice sites by a displacement energy. As the

implanted ion travels through the crystal, it makes many

violent collisions with atoms in the substrate. A displaced

atom may act as a secondary projectile, If struck by an ion

100
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with energy greater than its displacement energy. Such

secondary projectiles come to rest through elastic and

inelastic collisions, producing another generation of

projectiles if they are sufficiently energetic, and so on.

Thus the damage production is a cascade process, with the

incident ion the primary disorder-causing projectile. The

extent and character of the disorder zone or cluster

illustrated in Figure 32 are governed by the mass of the

implanted ion and its energy, the mass of the substrate

atom, the substrate temperature and the ion fluence. For

sufficiently high doses of implanted ions, these cascade

clusters can overlap, forming an amorphous zone.

Light ions lose a large part of their energy through

inelastic, electronic processes. They penetrate deep into

a silicon substrate, surpassing the collision cascade’s

depth. Most of the displace atoms fo rm isolated defects

along the ion track. Therefore light ion implantation

results in the formation of large numbers of interstitials

and vacancies. For a heavier ion such as phosphorus, a

larger fraction of elastic collisions results in more lattice

damage. There is a greater tendency for the disorder to

occur within a damage core, surrounded by point defects.
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II
Figure 32. Damage Cluster Formed Along Path
of Incoming Ion (after Gibbons*)

F. Gibbons “Ion Implantation in Semiconductors-Part II:
Damage Production and Annealing,” Proc. IEEE, Vol. 60,
September 1972 , pp. 1062-1096

102

~~~~~~~ • , ~~~~~~ -- -~~—-~~~~~~~~~—“  
i__ __ .~.. _

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



P...- - ! 
~~~~~~~~~~~~~~~~~~~~~ 

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

At present, several potentially important ion sources

are being constructed and tested at the Oregon Graduate

Center. Target tests are underway to determine writing

efficiencies of various ions such as He, Xe, Ar, and Ga

studied there, as well as others of interest.

Due to the successful He writing experiment , more

inert ion writing experiments were undertaken this quarter

to study the possible gain mechanism and target readout

characteristics. Planar diode structures used for these

studies were processed using As+ ions implanted at 100 kV

to a fluence of 1014/cm2 , 70  off axis at room temperature.

Collection characteristics of targets made with this

particular process had been evaluated extensively in the SEM.

These devices were then annealed at 770°C in Ar for 1 hour

and then coated with a thick coat of resist and patterned with

the Air Force Resolution mask. The targets were then implanted

with various inert ions through the resist mask with a range

of fluences .

He studies included implants at 30 kV for fluences of

1013, iol2, lO~
’ and 5 x io1o ions/cm2. Preliminary SEN

results indicate a writing fluence of 1011 ions/cm2 may be

feas ible .
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Other experiments involving writing with inert ions such

as Ne, Kr, Xe and Ar have been initiated. The ion energies

for these elements were selected to produce a projected

_ 
13 12 11range of O.li.t in each case. Fluences of 10 , 10 , 10

and 5 x 1010 ions/ cm2 were again specified. The results of

this work will be contained in the next quarterly report.

+ +In addition, light ions such as N and B , as well as

Ga+ will probably be examined for writing feasibility in the

near future, since they possess attractive features from an

ion optical point of view:

• Reduced Aperture Sputtering

• Potentially Better Quality Sources
(includes Ga source)

• Higher Velocity Ions

+The possibility of achieving a high current Ga , or impurity

doped Ga source make the use of this ion relevant.

Although at present, damage writing is viewed very

favorably as the means of writing information with an ion beam,

thete is a possible drawback. -In general, annealing samples

written with a doping ion will improve the modulated signal,

because more electrically active sites form. However, the

ss~~ may not hold for damage-written targets. Annealing

radi.. ..ion damage tends to reduce the degree of disorder in a

crystalline structure. Therefore, studies of the anneal
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characteristics of the damage will be of considerable interest.

Many of the ion-induced defects do not anneal out until

relatively high temperatures are reached. Thus, the “archival”

quality of such information may be more than sufficient for

satisfactory reliability, but further experiments will be

required before a firm conclusion can be reached.
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SECTION V

ALLOY JUNCTION STUDIES

Laser Formed Alloy Junctions

The laser formed alloy junctions are being produced and

studied in order to learn as much as possible about the

feasibility of the alloy junction approach before the electron

beam writing equipment becomes available. In particular, it

is desired to determine:

1. Can a very short duration pulse of heat,

sufficient to raise the temperature only

slightly above the eutectic temperature,

create a stable, well mixed alloy region?

2. Is the resulting alloy diode easily read

by an electron beam?

To answer the first question, 1000k Al films were

evaporated onto freshly etched Ge and Si wafers. Films

of this thickness are fairly easy to produce with good

accuracy and uniformity and yet are thin enough to allow the

desired ultimate diode spacing. The laser was described in

detail in the first quarterly report. The actual spot (in-

formation diode) size produced by the laser cannot be made

much smaller than about 5pm. Since the laser is capable
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of delivery much more power than needed, it is possible to

proceed with these experiments before thermal bias equipment

is ready. (This equipment will be described later in this

Section.) The large spot size undoubtedly tends to lead to

optimistic results regarding heat loss during alloying but

this is at least partly compensated for by the lack of

thermal bias in these experiments. The power delivered by

the laser is very sensitive to surface reflectivity which

changes when the Al melts and becomes mixed with the under-

lying semiconductor. This makes the actual total power

difficult to estimate.

Metallurgical Studies

Two different patterns of spots were produced by the

laser. Figures 33 through 36 are photomicrographs of the

top surface showing the results of gradually increasing

power. Here, a large spot size was desired since they were

to be used for Auger analysis. Each spot is the result of

160 separate laser pulses using a 0.080 inch aperture and

slightly defocused beam.

Spots from Figures 33, 35 and 36 were subjected to a

detailed analysis using Auger spectra and sputter ion milling

to obtain spatial profiles of their metallurgical compositions.

Tracings of the profiles done (Al on Si) are shown in Figures
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A
Figure 33. Photomicrograph of the Spots Formed by the Laser
at the Lowest Power Used. The Extent of Surface Melting is
about Half the Laser Spot Diameter. Spot Spacing is lOOLIm.
These are the source of the Samples with Suffix D in Table 5
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Figure 34. Photomicrograph of the Spots Formed by the Laser
at the Second Lowest Power Setting. These Spots were not
Profiled but the Sample was Used to Profile the “matrix” (the
Al-Si Profile off a Spot). The Result is Shown in Figure 41,
and on Table 4. Spot Spacing is lOOum
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Figure 35. Phototnicrograph of the Spots Formed by the Laser at —

the Third Power Setting. The Elliptical Shape of the Spots is
Due to the Defocused State of the Laser. Two of these Spots
are Profiled in Figures 39 and 40 and are Listed in Table 4 as
Samples with Suffix B. Spot Spacing is l00i~im 
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Figure 36. Photomicrograph of the Spots Formed by the Laser
at the Highest Power Setting. The Laser Operation is Somewhat
Unstable at this Setting as is Evident from the Surface Pattern.
Two of these Spots are profiled in Figures 37 and 38 and are
Listed in Table 4 as Samples with Suffix A. Spot Spacing is
100~.im
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37 through 43. Figure 41 is a profile of the matrix (taken

off of a spot) as a control. Note that all spots showed

evidence of Si even at the surface and that there appears

to be fairly uniform mixing of Si throughout the Al film.

Figure 44 shows the Auger spectrum of sample No. 14D before

beginning ion milling. The Si line can be clear1~ seen.

Also, in each case there is a well def ined edge (boundary)

to the Al film. In every case except the lowest power

(Figure 43) there is excess Al (beyond its solid solubility)

in the Si below the alloy region. This suggests that a

temperature well in excess of the Si-Al eutectic (577°C) has

been reached melting the region below the Al. Cooling then

proceeded so rapidly that particles of Al precipitated in the

Si. Table 5 summarizes the information given by the profiles.

The compositions are uncertain to about ± 257g. The relative

junction depths (given in minutes of ion milling time) also

contain uncertainties. The origin of some of these errors is

discussed below following a description of the Auger spectro-

meter.
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CHEMICAL DEPTH PROFILE FOR SAMPLE IA

2 Al Al (1393.V) X I Al
~~~ 

~~~~~ , -•‘--••----- •—-•——-—•.--—-.-——-—••-—-.——.—----.--—‘—• si

ION SPUTTERING TIME (NIN)

- 
Figure 37. Auger Profile Obtained from

Spots Shown in Figure 36

r CI~ENICAL DEPTH PROFILE FOR SAMPLE 2A

~~ _
~L,~

- ’ A l(I393sV~ Y l  
~-..AI Si

c ~~~~~~~~~~~~~~~~~~~~~ --
~ 

c (272sV ) X I

~~

t• O 5 ID IS 20 25 30 35 40 45 50 55

ION SPUTTER ING TIME (MIII)

Figure 38. Auger Profile Obtained from
Spots Shown in Figure 36

CHEMICAL DEPTH PROFILE FOR SAMPLE 58

~~~~~~~~~~~93SV)X L.- - A i  
—~ 

~ 
[ Sit 1619ev) X I • C Al
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

t~~ 0 5 10 IS 20 25 30 35 40 45 50
ION SPUTTERING TIME (MIN)

Figure 39. Auger Profile Obtained from
Spots Shown in Figure 35
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CHEMICAL DEPTh PROFILE FOR SAMPLE 78

~ F
A I( I393ev )X l Al

~~ I-~~ —---V
~ 

-- - ————---..--V --- . - —

~~ 1~’~ C(272svIx I V V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ION SPUTTERING TIME (MIN)

Figure 40. Auger Profile Obtained from
Spots Shown in Figure 35

CHEMICAL DEPTH PROFILE FOR Al ON Si SUBSTRATE

.- • 

~~ 
-
~~i \AI

I. ~~ V V V VV

~~~~~~ ft V
\- 

~—C(272 .V) X I /
V \$i ENERGY WINDOW “

r 
V __________________

t•O 5 10 15 20 25 30 35 40 45
ION SPUTTERING TIME ( M I I I )

Figure 41. Auger Profile Obtained from
the Region Between Spots Shown in Figure 34

CHEM ICAL DEPTH PROFILE FOR SAMPLE 130

Al 
A I(1393.V )XI 

\AI Si
•~ s~ 

C(272sV) X I  • .-

$i (I6”.V) X I — ‘ c ‘
~~ —--- 

C - Al

1.0 5 10 IS 20 25 30 3S 40 45
ION $FUTTERING TIME (MIN)

Figure 42. Auger Profile Obtained from
Spots Shown in Figure 33
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CHEMICAL DEPTH PIIOFILE FOR SAMPLE 140
Al (1393ev ) X I

~~~~~~ “ V

$ 

I C(272.V IX I V

____

V.~~~~!~~~~~ V~~!)c -
± :~~~~~~~- - ~~~~ .

ION SPUTTERING TIME (MIN I

Figure 43. Auger Profile Obtained from
Spots Shown in Figure 33
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~~~~~~~

4 

1 C4

41. ‘~~~
~s.J

o.Is...
C. gI,a c7 3.6.m.-

Figure 44. Actual Auger Spectrum of the
Surface on the Spot Used to Obtain the Profiles in Figure 43
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TABLE 5

AUGER PROFILING RESULTS

Sample No. 7~ Si in Al % Al in Si Junction Depth
(mm )

LA 20 16 32

2A 26 12 18

SB 25 10 16

7B 10 8 28

9C (matrix) 0 0 20

13D 8 2 19

l4D 8 0 23

To discover how deep the region of  Al precipitation goes,

a linear pattern of closely spaced spots was formed and a 10:1

angle lap performed. Figure 45 shows the results of this

angle lap after an etch which decorates Al precipitates with

copper metal. The depth is about 5~.im.

Conclusions

Only the most lightly irradiated spots come close to

simulating the effect expected of the electron beam. The

surface melting of these (Figure 33) spots does not necessarily

imply that the melting point of Al (660°C) was reached since
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Figure 45. Photomicrograph Showing the Depth of Melting and Al
Precipitation in One of the More Heavily Irradiated Samples
(300X). The Bottom Half is a 10:1 Angle Lap. The Array of
Closely Spaced Laser Induced Spots is Clearly Seen in the
Upper Half
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Si is dissolved in the Al at a level close to the eutectic

concentration. As will be seen later in this section, even

very lightly irradiated spots made by a single laser pulse

can be read by an electron beam and such spots will be

analyzed by Auger spectrometry early in the next quarter.

The fact that the more heavily damaged spots are easily read

is of no value since the Si was melted to a depth (5~im) far

in excess of what is practical in the ultimate system.

Auger Electron Spectrometer

The Surface Analysis Component of the Materials

Characterization Branch of the Research and Development Center

performs Auger analysis as an in-house service. They are

currently using a Physical Electronics Industries Model 548

ESCA/Auger Spectrometer with Model 545 scanning Auger micro-

probe attachment. Figure 46 shows the physical arrangement

of the complete system. Figure 47 is a schematic representation

of the principal elements of the spectrometer. The two possible

electron gun orientations and the arrangement for simultaneous

sputter etching and Auger analysis are indicated. The rays

represent paths of transmitted electrons which have a well

defined energy determined by the bias between the coaxial

cylinders of the electron energy analyzer. As the voltage

applied to the outer cylinder is scanned, the secondary
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Figure 46. The Auger Electron Spectrometer,
Ion Milling Apparatus and Associated Equipment
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Figure 47. Schematic Representation of the Auger Spectrometer.
The Various Parts Shown Here are Discussed in the Text
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electron energy distribution is obtained from the electron

multiplier output current. A small a.c. voltage in series

with the analyzer is detected by the lock-in amplifier so

that the derivative dN(E)/dE vs. E of the secondary electron

current is plotted as the Auger spectrum. The rotatable

“carrousel” sample holder permits mounting several samples

at one time. Figure 48 shows the test chamber with samples

visible on the carrousel.

Two types of output are available directly plotted

by the system. One X-Y recorder is used for direct Auger

spectra. The other is used during ion milling (sputtering )

to plot the amplitudes of certain preselected Auger peaks

vs. time as the sputtering proceeds. At any time sputtering

may be temporarily stopped and a full Auger spectrum plotted

to obtain a more detailed and precise compositional analysis

at a particular depth.

Ion Milling

Ion milling or ion bombardment sputtering is used in

combination with Auger electron spectroscopy. Note that it

is the exposed surface which is being analyzed and not the V

material removed. Since there are substantial differences in

the sputtering yields of the elements, their surface concentrat-

ions will adjust to compensate for this. Hence, the elemental
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Figure 48. The Test Chamber as Seen Through Viewing Port.
The Auger Analyzer and Sputter Ion Gun are on the Right and
the Samples can be Clearly Seen Mounted on the Carrousel in
the Center
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composition of the sputter etched surface will, in general

be different from the original bulk solid. The Auger

spectrum, because it is derived from the top few atomic

layers, will represent this altered composition. The

existence of even small amounts of surface deposits of

substances having a low sputtering yield can lead to major

topological changes in the surface. This fact can lead to

anomalously slow milling of otherwise easily sputtered

material. The foreign substance may have a very different

yield as an impurity than it does as a bulk material.

Sputtering rates may also be influenced by defects, dis-

location networks and sample orientation. Still another way

in which the sputter-etching process can adversely influence

the results obtained in elemental composition profiling is by

causing displacement of the atoms in the host lattice. This

“knock-in” process is most severe when high energy ions are

used.

Alloy Junction - Eutectic Writing Experiments

During the first quarter of this contract alloy junction

target experiments were performed using an Electro Scientific

Industries, Model 25 , laser trimming system. This experiment

has a Q-switched Nd:YAG laser with programable x-y position

which allows a multiplicity of operating conditions in terms
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of pulses per position and power delivered. The first studies

were aimed at demonstrating alloy junction writing with the

laser using a Si n-p planar diode with an Al metal layer.

The first quarter experiments and the results of these

experiments are discussed in detail in the first quarter

report. Here we will just summarize the important results.

First, it was shown that writing could be accomplished with

the laser system with multiple pulses. Memory type readout

was achieved from laser irradiated areas before and after

removal of the Al layer using a Cambridge Mark h A  Stereoscan

Scanning Electron Microscope. Second, it was demonstrated by

moving the table and writing “on the f ly” that writing could

be accomplished with a single laser pulse of typically 150 nsec

duration. This verified that writing could be achieved on a

time scale compatible with a desired 1O~ Hz writing rate for

a final memory configuration. Average and peak power measure-

ments were made for the laser system over its full range of

operating conditions. Based on these measurements, i.. was

estimated that power densities in the range of 10~ to 10
8 W/cm

2

were used in the writing. Considerable surface damage of the

Al layer was evident in written areas indicating power well in

excess of that required for eutectic alloying was used. Angle
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lap and stain measurements of the written areas further

confirmed this by showing Al at depths of 5 to 6 urn below

the surface of the Al/n-Si interface. This is much greater

than anticipated depths for strictly eutectic alloying,

expected to be approximately 1/3 to 1/2 of the thickness

of the Al layer or approximately 300 to 500X.

Based on the first quarters results the experiments

for the second quarter were aimed at demonstrating eutectic

alloying of the written regions using the laser system. This

goal has been achieved and the experiments and results of

these experiments are described in detail in this section

of the report.

Laser Experiments for Eutectic Writing

Laser writing experiments were conducted again this

quarter using the Model 25 Electro Scientific Industries

laser trimmer which is described in detail in Section 6

of the first quarterly report. Readout and analysis of the 4

written areas was done on the Cambridge Scanning Electron

Microscope. The target was a planar n or p Si diode. The

top surface of the n layer was plasma etched and sputter V .

coated with 1000J. of Al to remove and prevent regrowth of

the native oxide layer. A cross section of the target is 
V

shown in Figure 49.
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Figure 49. Cross Section of Target Used for Alloy
Junction Experiments
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As reported in the first quarterly report power

measurements were made for the peak and average power of

the Nd:YAG laser in the Model 25 system. It was hoped that

V 
these data wculd be useful in determining the temperature

V rise of the target during writing and predicting future

writing temperatures. Unfortunately, the power measurements

showed considerable variation in the pulse amplitude and

hence peak power from pulse to pulse. Therefore, only an

“average” peak power per pulse can be ascertained. An even

more serious complication is the lack of knowledge of the

reflectance of the sputtered Al layer. Due to the graininess

of the sputtered Al, standard spectrophotometer reflectance V

measurements cannot be used, since the light is dispersed

over large angles. An integrating sphere, calorimetry or

some other technique must be used to determine the reflectance.

In view of the difficulties involved in determining the target

temperature rise versus laser operating point, it was decided

to perform these experiments by reducing the power in controll-

ed steps from a known operating point.

The operating conditions for the laser system were

selected for the most stable point based on the previous power

measurements. 11e lamp drive current was 22 A, Q-switch

repetition rate 2 kHz, 60 mil aperture and 10Z beam splitter .

128



A photograph of the laser output pulse for the operating

point is shown in Figure 50. The power was reduced for

various operating points in the experiment by neutral

density filters. These filters are made from Schott glass

and can handle the laser power involved while giving an

accurately controlled reduction of the power at the target

plane. A list of the filters purchased for these and future

alloy junction experiments as well as their transmission

V 
properties is snnin~r~zed in Table 6. The density number, D, 

V

is logarithmically related to the transmission, T, transmitted

energy/ input energy as

1D = log10 ~ (35)

TABLE 6

TRANSMISSION VALUES OF SCHO~~ GLASS FILTERS

V Density Quantity Transmission

.1 2 .794

.2 1 .631

.3 2 .501

.4 1 .250

1 1 .10

2 1 .01

3 1 .001

4 1 .0001
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Figure 50. Laser Pulse Output, Laser Pulse at 22 A
Lamp Drive, 60 Mil Aperture, 2 kHz Rep Rate
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This set of 8 filters allows full adjustment of laser power

in a range in 20% steps.

For the eutectic writing experiments, the laser system

V was programmed to produce a 10 x 10 array of spots in 20 urn

• centers with 10 pulses per spot. Starting at the operating

point previously mentioned, neutral density filters were

inserted in the optical system starting at D — 0.1 and ending

with D = 0.6, in increments of 0.1. At each filter setting

a 10 x 10 array was exposed on the target. The starting

V 

filter value (D = 0.1) was preselected so that the input

power at the laser operating point was approximately the

same as the first quarter experiments. This allowed formation

of alloyed regions without having to worry about punch through

of the n layer by too powerful a laser pulse. The last

visible surface marks due to pulsing of the laser were at

D = 0.4. Therefore, continued reduction of the input power

for two filter numbers beyond this (i.e. D .5 & .6) were

carried out before the tests were stopped.

The target with metal layer on was read out using the

Scanning Electron Microscope. Each area irradiated, correspond-

ing to a different neutral density filter, was surface in-

spected by secondary electron techniques. Also each area was

investigated by using the planar diode signal to z modulate
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the SEM display. Photographs of each area for the neutral

density filter range for both secondary emission and planar

diode readout are shown in Figure 51(a) to 51(f). Missing

from these photos is the secondary emission surface scan

for neutral density filter number 0.5. There was no vir- Ible

surface damage at this f ilter setting viewed by secondary

electrons. The area appeared essentially the same as the

secondary electron picture in Figure 51(f) and was therefore

not recorded. Even though this was the most stable operating

point, there is still considerable power variability as can

be seen from a comparison of the secondary emission and

planar diode signals at the various filter settings. The

percent modulation for several written areas at each of the

different irradiated areas was measured at 6 kV landing

potential. These data are summarized in Figure 52. Here the

availability of laser power shows up in the percent modulation.

At each filter value a written area that is typical of the

more heavily written regions, as indicated with an x in Figure

52, was selected for more detailed investigation. For each of

these written areas, gain versus read beam landing energy was

measured. These data are plotted in Figure 53 along with the

gain versus landing energy data for the aluminum layer alone.
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Figure 51(a). Laser Irradiated 10 x 10 Array, 10 Pulses per
Spot. Left Secondary Emission Surface Scan. Right Planar

Diode Readout. Operating Conditions:
Lamp Current = 22A
Aperture = 60 Mu
Frequency = 2 kHz
Beam Splitter = l07~
Neutral Density Filter = .1
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Figure 51(b). Laser Irradiated 10 x 10 Array, 10 Pulses per
Spot. Left Secondary Emission Surface Scan. Right Planar
Diode Readout. Operating Conditions:
Lamp Current = 22A
Aperture = 60 Mil
Frequency = 2 kHz
Beam Splitter = 10%
Neutral Density Filter = .2
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Figure 51(c). Laser Irradiated 10 x 10 Array, 10 Pulses per
Spot. Left Secondary Emission Surface Scan. Right Planar
Diode Readout. Operating Conditions:
Lamp Current = 22A
Aperture = 60 Mu
Frequency = 2 kHz
Beam Splitter = 10%
Neutral Density Filter = .3
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Figure 51(d). Laser Irradiated 10 x 10 Array, 10 Pulses per
Spot. Left Secondary Emission Surface Scan. Right Planar
Diode Readout. Operating Conditions:
Lamp Current = 22A
Aperture = 60 Mu
Frequency = 2 kHz
Beam Splitter = 10%
Neutral Density Filter = .4
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Figure 53. Target Gain vs. Read Beam Potential
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Superimposed on these data are gain versus landing energy

curves calculated with one dimensional model for various

-
~ “dead-layer” thicknesses as described in Section II. At

energies greater than 7 keV there is an excellent fit

between the model and experimental curves. Using the gain

vs. landing energy curves for the model, the gain versus

“dead-layer” thickness at 9 keV shown in Figure 54 was

developed . At 9 keV landing potential, the experimental

gain was used in conjunction with Figure 22 to estimate

the dead-layer thickness, TD, for each written area and

for the Al layer by itself. The writing depth, WD, was

estimated by subtracting the dead-layer thickness for the

sputtered Al by itself. These data for these written areas

are summarized in Table 7.

TABLE 7

EXPERIMENTAL GAIN VS. DEAD-LAYER THICKNESS AND WRITING DEPTH

G Td ~ . Wd 1.. Target Area

175 O.lSu 0 Al layer only
64 O.39~.i O.24~ 0.1 N.D.  filter
76 O.36u O.2lu 0.2
74 O.37u 0.22~ 0.3 “

103 O.29u O.14u 0.4 “ “
131 O.23u O.O8u 0.5 “

148 0.2Ou O.OSu 0.6 “ “
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Figure 54. Target Gain vs. Dead-Layer Thickness
Based on the One Dimensional Model
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Based on the experiments of this quarter the goal of

eutectic point writing has been achieved. As shown in

Figures 51(e) and 51(f) memory readout of laser irradiated

areas without visible damage to the Al layer surface was

demonstrated. This implies that the laser writing beam in

these areas supplied enough power to raise the Si-Al inter-

face to a temperature at or above the eutectic point (577°C)

but below the Al melting point (660°C). Eutectic writing

has further been confirmed by analysis of the target gain of

the laser irradiated areas. As seen from the data in Table 7,

the writing depth achieved with neutral density filters of

0.5 and 0.6 (corresponding to the areas shown in Figures 51(e)

and 51(f) is on the order of 1/3 to 1/2 the initial Al layer

thickness. These writing depths are in agreement with

expected values for writing near the eutectic.

The experiments this quarter were carried out with 10

pulses per spot. This is not a serious handicap, since as

was shown in the first quarter single pulse per spot writing

can be achieved for the same laser operating conditions. This

was in agreement with our initial prediction of the writing

mechanism on thermal time constants of the materials. However,

a program for the laser system is being written to form arrays
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of single pulse per spot fields. Single pulse experiments

and further characterization of the written areas is planned

for the next quarter.

Thermal Bias Studies

As has been previously noted in the first quarterly

report and also above, the maximum achievable energy densities

in a submicron diameter electron beam may be insufficient to

heat a typical semiconductor-metal system from room temperature

to its eutectic temperature, e.g., to the Si-Al eutectic at

577°C. To overcome this problem, thermal biasing of the

target to near the eutectic point has been suggested. Such

thermal biasing would also provide the “hysteresis” needed so

that electron beam writing could not accidentally be carried

on while reading, etc.

The thermal biasing could be carried out in a number of

different ways. A “large”-area, off-axis, pulsed electron

beam, or a laser beam, for example, could be used such that

only the immediate area to be written would be heated. This

would have the advantage of thermally cycling only a small

portion of the target and of reducing the total heating time

in any given portion since only that portion would have to be

heated once while writing. However, close temperature control

over the writing area would be challenging to achieve.
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The simplest approach is to uniformly heat the whole

target with an auxiliary resistance heated stage. This,

however, raises some serious questions relating to the

stability of the metal-semiconductor interface near the

eutectic temperature arising from the solid-state diff-

usion of the eutectic component species. For example, in

V the total accumulated writing time (days), significant

alloying may occur. Also, the thermal cycling involved in

successive writing sessions may cause solution and pre-

cipitation (regrowth) in critical amounts. A discussion of

some of these kinds of problems with references to the

literature can be found in the first quarterly report.

Two general experimental approaches are being planned

for the next quarter to study these possible complications.

One is to cycle metallized Ge and Si wafers in standard

processing furnaces. These samples will then be studied

using standard metallographic techniques to look for changes

in the metal-semiconductor interface. A second experiment is

to repeat the laser experiments but using a heated stage.

Actual writing will be carried out and it will be noted

whether the laser power required to write is reduced as

expected. Also, previously written areas on a given wafer

will be re-read after each writing cycle to see if there is

145



V _ _VV .___ _~~~~~~~~~~~~~~~ V V _ V VV_ ~~~~~
___  

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

any degradation in the signal with thermal bias temperature,

time, and/or cycling.

To carry out these proposed laser experiments, a heated

V stage is desired with the following features: (1) A “large”

flat heating station to accommodate Si/Ge wafers up to 2

inches in diameter; (2) A window so that the sample can be

exposed to the laser beam; (3) A reasonably low temperature

gradient and close absolute temperature control (— < 5°C) so

that operation near the eutectic temperature can be realized

without the danger of accidentally alloying; and (4) The

capability of maintaining temperatures up to at least the

Si-Al eutectic, 577°C.

Commercially available microscope heating stages such

as those made by E. Leitz, Inc., were considered. While

very well built and, with a quartz window, capable of

handling the requirements of accessibility to the laser beam,

they provide only a very small heated area. Not only would

this require small samples but there would be problems of

temperature gradients and of monitoring the actual sample

temperature. For these reasons, a specially designed heated

stage was built. Figure 55 shows a photograph of this stage.

Details of particular construction features are not~Iin Figure

56 and are described in the following paragraphs.
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In designing any thermal station, a basic question

involved is whether the thermal stability that is desired

should be achieved through thermal mass loading or by an

- 
V electronic feedback 1oop. The former requires a massive

heater assembly; the latter a very low thermal mass for

rapid response and close control. We chose the latter

approach. Figure 56 shows the basic features of our design.

Low mass is achieved with the hollow cylindrical heater

assembly as shown. The heater (not shown) is wound on the

circumference of this section which is an integral part of

the flat-top sample support forming an inverted cup. This

and the high thermal conductivity of the material (moly)

assures good heat transfer with minimum thermal mass. The

bottom piece of the heater assembly is perforated with many

large holes to reduce the thermal mass and to provide some

thermal resistance. It is also moly and is nickel-brazed to

the top piece. It in turn is screwed to the stainless steel

post shown which provides the principal thermal resistance.

This post is soft-soldered to the bottom brass vacuum en-

closure and can be easily changed to optimize the thermal

“leak”.

The heater was made as follows: The circumference of

the heater assembly was coated with a ceramic layer applied
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with a plasma flame spray gun (Metco Co.). Nineteen turns

of 7-mu nichrome wire were applied and held in place with V

Sauereisen No. 1 cement. This gives 100 ohms of cold re- - :

sistance.

An “oven” is formed around the heater assembly by use

of Au-plated quartz pieces and an Au-sputtered Ti radiation

shield on top, as indicated in Figure 56. The radiation

shield has an off-centered hole for the laser beam to strike

the sample. A magnet is attached with high temperature

silicone rubber as indicated. This provides a means of

rotating the shield to expose different areas of the target

without breaking the vacuum. (This idea was noted on the

Leitz microscope heating stages.)

The base is designed to mount directly on the laser

target mounting support. The assembled heating station mounts

into the base and can be arbitrarily rotated as desired bef ore

being clamped. I’ .
Two chromel-alumel thermocouples (not shown) are used .

One is screwed to the inside bottom of the upper moly surface

and is used for controlling the heater supply. The second is

screwed to the top surface (see photograph) at the edge and is

used for monitoring the temperature and checking on temperature

gradients. The heater supply is a Love Controls Corp., Model 71
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V Solid State potentiometric Controller which 
operates into a

V 
Variac which in turn drives the heater. The Variac is not

necessary, but is used to set the “operating point”.
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SECTION VI

OPTICS STUDY

As part of this Phase I effort for the Advanced

Archival Memory program, analytical studies of the writing

optics required for both memory techniques (ion implant/

alloy junction) are planned. These studies have been

purposely scheduled to occur during the second half of the

contract so that more information on the target write/read

requirements could be factored into the optics study. A

further reason for deferring these studies was to allow at

least preliminary results from the Oregon Graduate Center

source development contract (F33615-76-C-1327) to be used

in the optics analysis. Since this report marks the mid-

point of the contract period, the analytical optics studies

will begin in the next quarter.

The delay in starting the optics study appears to

have been justified. Recent target developments for the ion

implanted concept show that damage writing (as opposed to P1

n junction formation), with inert gas ions for example, is

possible. This writing method shows initial possibilities of

reducing the writing beam fluence and thereby easing the

requirements on source brightness. Along this same line recent
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developments of an argon field ionization source at the

Oregon Graduate Center appear promising for this application.
V 

Advances are also being made at Oregon on the Ga liquid
V 

emitter field ion source. Total beam currents of 70 to

140 LA have been achieved to date and progress is being made

in achieving stable d.c. emission. This source is an

attractive candidate for implanting surface diodes.

Since the desired goal is 0.1 ~im bit size field

emission or field ionization sources are in general superior

to other sources of electrons and ions because of their high

brightness, small source size and lower energy spread.

However, because of their small virtual source the field

emission and ionization sources pose different optical problems

than conventional thermal electron or plasma ion sources.

Therefore the first phases of the optics study will deal with

the problem of coupling between the source and lens system.

This will also be accompanied by a thorough investigation of

the capabilities of various sources. These inputs will then

be used in the evaluation of write station capabilities in the

concluding phases of the optics study.
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