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Silicon  Process  Technology  for  Monolithic  Memory 

Abstract: The  successful  design and production of high density, high speed  monolithic  memory  circuits that can operate efficiently over 
wide  current  ranges  can be directly  attributed  to  the  development of a new  silicon  process  technology  based  on  the (100) crystal  orien- 
tation.  To  provide  optimum  capability to fabricate  these  circuits with high yields,  process  modifications to accommodate  larger  starting 
substrates  (wafers)  have  also  been  adopted.  Detailed  electrical  characterization of the resulting devices  has  confirmed  improved  circuit 
operation,  demonstrating that improved  gain  at  low  current  and good junction quality are consequences of the  process  modifications. 

Introduction 
Ferrite  core technology has predominated in the  past in 
providing main-frame random  access memories for  com- 
puter applications. The new applications of bipolar  inte- 
grated  circuits for  use in a high-speed buffer or  scratchpad 
memory have clearly demonstrated  superior perform- 
ance,  as well as optimum bit density,  for  those  types of 
memory. The IBM announcement utilizing a  semicon- 
ductor-based memory for main-frame applications in 
which large numbers of circuits  are required  was made 
feasible by developing a semiconductor  process which 
yielded optimum performance  at reduced  cost. 

Late in the 1960's, IBM  undertook a major  program 
to investigate the  then  current  semiconductor technology, 
improve  its capabilities and  develop new processes  and 
structures  as  requiredl 11. The increasing demand  for 
improved  circuit performance, particularly for monolithic 
memory  applications, uncovered both  material  and  pro- 
cessing  limitations that  were  prevalent with (1  11) ori- 
ented silicon as  the starting substrate material.  Histori- 
cally, the ( 11 1)  orientation  has been  used for semicon- 
ductor processing  since the development of alloy junction 
devices, and  this  technology  had  formed the basis for 
more  recent  structures.  However,  the  achievement of 
high bit densities by microminiaturization  required in- 
creased active-device pattern density and tighter  toler- 
ances,  thereby requiring  a  larger percentage of the  surface 
area on a given silicon substrate.  This  greater density in- 
creased  the probability of including a  crystallographic  de- 
fect in a  critical junction  area and consequently de- 
manded silicon wafers  relatively free of imperfections. 

Processes  therefore had to be refined to  produce silicon 
surfaces and  interfaces  with minimal contaminant levels, 
both  on the semiconductor and in the passivating oxide, 
and to  achieve  adequate gettering in the bulk.  Limitations 
in transistor gain at low currents (in the range of 1 PA) 
on ( 1  1 1 )-fabricated devices indicated that charges  aris- 
ing from  surface  states affect low current, low power 
operation. The ( 100)  orientation in silicon exhibits  a  low 
surface  state  density[2], consequently offering a wider 
range of operating currents.  This  advantage, combined 
with improved  crystallographic  perfection, warranted 
the specific investigation of a semiconductor  process 
based on  the { 100) orientation. 

I t  is also  important,  because of the need for  cost  reduc- 
tion, to minimize the  number of individual  handling oper- 
ations per circuit by increasing the crystalline substrate 
(wafer) diameter.  With advanced  crystal pulling tech- 
niques, it has  become possible to  produce 2.25-inch di- 
ameter silicon wafers  while maintaining perfection  equiv- 
alent to  that previously  achieved  with 1.25-inch crystals. 
However,'  subsequent processing,  particularly high tem- 
perature  heat  cycles, had to  be significantly modified to 
process wafers after  what might be  considered a minor 
substrate dimensional  change. 

The following is a  description of the salient features of 
this new silicon process technology,  emphasizing: 1) the 
(100)  orientation, specifically the orientation  effects on 
device  structure  that  are  pertinent  to monolithic memory; 
2 )  the processing of (100)-oriented 2.25-inch wafers, 
with attention  to diffusion and oxidation, gold diffusion, 
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Figure 1 Models of ( 1 1 1 ) and (100) silicon crystallographic lattices. 

and  the use of metallurgical contacts;  and 3) product 
characterization, specifically the identification of device 
parameters relating to ( 100) material properties and the 
characteristic yields encountered. 

Materials 

Orientation 
Silicon monocrystals for monolithic devices can be grown 
from the melt in  many  crystallographic  directions. Due 
to  the anisotropy of the silicon lattice,  these  crystals  and 
the  surfaces of substrates  cut  from them  retain certain 
chemical,  mechanical,  and  electrical characteristics  that 
are orientation-dependent. Of the  three major  orienta- 
tions with Miller indices ( 1 l l ), ( loo) ,  and ( l lo) ,  semi- 
conductor  devices  and circuits have historically  been 
fabricated only from (1 1 1 )  material. This practice origi- 
nated as a requirement  for alloy-junction device manu- 
facture, since it was  observed  that planar,  controllable 
junction profiles in that technology could only be realized 
with ( 1  1 1 )  oriented substrates. A particular  material 
technology was  thus experimentally developed,  later 
forming the basis for more  complex device  structures. 
With that technology well developed, investigation of 
processes based on  other  orientations  was not  thought 
justifiable until recently. 

Figure 1 shows a mmparison between models of the 
( 100) and ( 1 11 ) orientations of the diamond  lattice that 
characterizes  Group IV-A elements, including silicon. 
The atomic  density for a (1 1 1 ) surface plane is maximum 
for this type of lattice  and greater  than  that  for  the  (100) 
plane by more  than  a factor of two. 
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The most  striking characteristic of silicon technology 
is that material processes and the resulting semiconductor 
devices can be drastically different from  one  another de- 
pending on  the orientation of the starting  crystal  sub- 
strate. As a consequence, almost all semiconductor tech- 
nology is governed by surface-controlled conditions; 
anisotropic  behavior in the bulk is generally the  direct 
result of varying  atomic densities  on  the  semiconductor 
surface. 

The following description of orientation-controlled 
phenomena pertinent  to ( 100) and ( 11 1)  silicon is 
divided  into three  areas: 1) bulk silicon and substrate ef- 
fects; 2) epitaxy, diffusion and oxidation; and 3) metallur- 
gical contacts. Electrical characterization of (100) ma- 
terial structures is considered both in the orientation  dis- 
cussion and  later in the section on  device performance as 
applied to monolithic  memory. 

The minimization of both bulk-grown and process- 
induced  crystallographic defects, which is vital for high- 
density monolithic circuits, is an inherent  property of 
(100) silicon substrates.  The  observation of large num- 
bers of crystalline substrates, sliced  from  crystals  grown 
parallel to  both  the (1 1 I ) and the ( 100) orientation by 
similar Czochralski  techniques,  has  determined  that  crys- 
tallographic defect density as determined by both Sirtl 
etching and  SOT (scanning  oscillator  technique) X-ray 
photography is much lower with the (100) orienta- 
tion[3].  Figure 2 is a typical SOT display of this effect. 
The { 11 1 ) crystals  are characterized by linear arrays of 
diminishing density near  the  center of the wafer. Conse- 
quently, epitaxial films that  are grown on these  substrates 
and in which the circuits are fabricated  exhibit  a similx 3 
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Figure 3 xj vs P source  concentration  for  (11 1) and (100) 
silicon. 

Figure 4 Electron  micrographs  showing  dislocation  density 
for ( 1 1 1 ) and ( 100) materials at  two different P source concen- 
trations: (a) Source  concentration 2500 ppm, (b) 4000 ppm. 

defect density. This density is characteristically 10 to 
1000 times  larger for ( 11 1)-oriented silicon epitaxial 
films than that measured for ( 100) material  receiving 
equivalent  processing. 

Electrically active  junctions  are formed  by diffusing 
Group 111 or  Group V elements into the epitaxial layer; 
silicon does  not exhibit anisotropic diffusivities for  these. 
However, in diffusion processes in which surface  char- 

4 acteristics  control dopant  concentration in the bulk, par- 
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ticularly by redistribution,  differences  between (100)- 
and ( I 1 1 )-oriented  material are evident. For monolithic 
memory devices,  the  emitter diffusion should  retain the 
highest dopant  surface  concentration  for maximum in- 
jection efficiency. The  emitter efficiency y is convention- 
ally defined as  the ratio of injected-carrier current  to  the 
total emitter current [4] : 

Y =  I n d ( l n p :  + I p E )  = I/L1 + ( 1 p d I n K ) l  

for an npn device,  where I , ,  and I , , ,  are  the  current com- 
ponents  due  to  electrons and  holes  respectively  in the 
emitter region. Moreover,  there is a  proportionality be- 
tween current and  resistivity, 

IPE/I"E cT P E I P U .  

The  emitter diffusion is a two-step  process comprising 
a  deposition cycle, performed in an  open-tube flow sys- 
tem using a controlled-concentration phosphorous 
source, followed by  a  reoxidation, drive-in cycle. In this 
process,  phosphorous  surface  concentration  depends  on 
source  concentration and is very close to  the solubility 
limit for  phosphorous in silicon; i.e.,  from 5 X lozn to 
IO" atoms/cm3. These levels  often promote diffusion ef- 
fects  characterized by precipitation formation, disloca- 
tions, localized junction pull-back and  steep  concentra- 
tion profiles [ 51. 

Determination and  control of the diffusion depth into 
the silicon (junction depth) directly  affects both base 
width and  transistor gain. Figure 3 shows junction  depth 
after drive-in as a  function of source  concentration  for 
(100)- and ( 1  11)-oriented silicon. In  each  curve,  the 
region of rapid fall-off indicates the point at which source 
concentration is high enough to  cause  drawback of phos- 
phorus  from  the  formation; this phase  occurs  at higher 
concentration in ( 100)-oriented silicon (4000 ppm) than 
in the ( 1  I 1  ) (2500 ppm). Figure 4 is a series of trans- 
mission electron micrographs  showing the two  orienta- 
tions at both 2500 and 4000 ppm source  concentration. 
The photographs cover a range of depths  into  the silicon 
and show  arrays of dislocations as regular squares  for 
the (100) and triangles for  the ( 1 1 1 ). as well as  shallow 
precipitation sites as dark, irregular  areas. The ( 100) has 
a greater  tolerance  for  phosphorus at  higher concentra- 
tions, allowing high injection efficiencies and good con- 
trol of base width. 

Surface  concentration of active phosphorus, C,,, and 
diffused junction  depth, x j ,  are not  related by a  classical 
distribution  function (a complementary error  or an ex- 
ponential  function) at levels above 10"' atoms/cm". After 
using IR plasma resonance  for non-destructive C, de- 
terminations,  a  comparison of diffused junction  depths 
can  be made from Figs. 5 and 6. Figure 5 relates surface 
concentration of electrically active  phosphorous, which 
upon  ionization yields a minimum in the reflection spec- 
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Figure 5 Surface  concentration vs source  concentration for 
both  orientations. 

Figure 6 Junction depth vs surface  concentration for both ori- 
entations. 
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trum by absorption,  to  source  concentration in the dif- 
fusion furnace. Figure 6 shows junction  depth against the 
same C, values. Both ( 1  1 1) and (100) crystal  orienta- 
tions  exhibit minimal deviations in depth up to near 
1 100 ppm. Above this  region, the percentage of ionized 
donors  decreases  as indicated by the maximum at 4 X 5 
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Figure 7 Alloy penetration  depth vs temperature for aluminum 
contact metallization. 

lo2' phosphorous  atoms/cm3.  The  onset of precipitate 
formation with ( 1 1 1 ) material occurs  here  and  reaches a 
maximum  value between 1500 and  2000 ppm. The (100)- 
oriented material,  with  a greater  tolerance  for  surface 
phosphorus,  reaches a  maximum at 3000 ppm. 

Metallurgical  contact 
Low-resistance ohmic contacts  are  necessary to minimize 
voltage drops in monolithic arrays involving  large  num- 
bers of devices.  It  has  been a standard  procedure  to fol- 
low the  evaporation of the  contact metallurgy,  usually 
aluminum, with a  heating  cycle at an elevated  tempera- 
ture  to alloy a small portion of this metal into  the body of 
the  semiconductor.  The mechanism for  the motion of the 
alloy interface involves  formation of an aluminum-silicon 
solid solution,  dissolution of additional semiconductor, 
and replenishment of the solution  with  additional  metal 
from  the  evaporated film [ 61. 

At  the alloying temperature,  the solid phase dissolu- 
tion is equivalent to a mild, preferential  etching operation 
that removes all trace insulating oxides  and organics be- 
tween metal and silicon, effecting a  low-resistance  con- 
tact.  Temperatures  near 450°C have been  found  optimum 
for ( 1 I I)-oriented silicon. With identical processing the 
( 100) orientation  disclosed  augmented alloying rates. 
Figure 7 compares maximum penetration  depth as  a  func- 
tion of alloy temperature  for  the  two orientations. The 
morphology of (100) penetration suggests that  the angles 
at which minor ( 1 11 ) planes intersect  the  surface plane 
control  junction planarity  and depth.  This specific alloy- 
ing behavior in the (100) orientation  was, in the  past, 

6 detrimental  to controlling the  base width of alloy junction 

devices. However, Fig. 7 indicates that  an  approximate 
10% reduction in alloying temperature will yield depths 
for  the ( 100)  that  are equivalent to  those  for  the ( 11 1 ). 
This modification to  lower alloy temperature  has  pro- 
duced  low-resistance aluminum contacts  on  (100) silicon 
while minimizing deep alloying. 

Large wafer  processing 

Diffusion and  oxidation 
The  development of a  large-wafer process  for monolithic 
memory  manufacture is economically  justified  by two 
factors: an increase in circuit capacity  per wafer, and  the 
possibility of improved yield due  to a relatively lower 
edge loss. The capacity factor  ratio of a 1.25-inch  wafer 
compared  to a 2.25-inch wafer is approximately one  to 
four.  Truncation  losses arising from positioning  rectangu- 
lar circuits on circular  wafers will be proportionately less 
with increasing  wafer diameter  since circumference  in- 
creases linearly with  radius  while area  increases  as  the 
radius squared.  Each individual  wafer-handling operation 
(etching, diffusion, oxidation,  masking, evaporation) now 
simultaneously processes a  larger  number of circuits. 
Secondly, edge losses  are also  realized from non-geo- 
metric  factors arising purely from processing. All process 
variations (i.e., junction  depths, epitaxial thickness,  oxide 
thickness and pattern fidelity) are  proportionately larger 
in the  edge region. Also, crystallographic  damage origi- 
nating from  the original growing process,  or  from  subse- 
quent handling and  temperature  gradients within the 
wafer, is more prevalent  near  the peripheral region. If 
these  factors  are equivalent for  1.25- and 2.25- inch di- 
ameter wafers,  optimum  processing for maximum yield 
can be  better realized  with  larger diameter wafers for cir- 
cuits having areas of IO4  mil'. 

Improved instrumentation and  process  equipment  has 
made  both production and processing of large-diameter 
wafers  possible. Crystal pullers are now available that 
have  capacity  for 3-inch (and greater)  diameter  crystals 
of superior perfection, and large-muffle diffusion furnaces 
are commercially  available  which  normally  exhibit radial 
gradients of less  than 0.5"C. 

To increase  the  furnace loading  density of wafers for 
simultaneous  processing in diffusion and  oxidation, the 
conventional arrangement  is  an  array of rows of wafers 
separated by  intervals of the  order of the wafer thickness. 
Rapid  warm-up and cool-down of the wafers  by  thermal 
radiation occurs during  normal  insertion  into the  furnace 
and  withdrawal  into the room  ambient. Radial thermal 
gradients are produced in the  center wafers of each row, 
and  these  generate tensile stress during  warm  up and 
compressive  stress during cooling. Stress relief by means 
of wafer  distortion  and  crystallographic  slip is  prevalent, 
particularly the  latter  for (1  1 1)-oriented material.  A 
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(1 11 ) process using 2.2s-inch substrates  requires a  slow 
cool after high temperature,  open  tube diffusion to mini- 
mize these thermal  gradients  and achieve maximum crys- 
tallographic  perfection  and yield near  the peripheral  re- 
gion. The  (100)-oriented wafers also require  slow cooling 
for optimum  processing, but  to a lesser degree. The me- 
chanism of stress relief by dislocation  formation is there- 
fore  anisotropic,  and wafers sliced parallel to  the  (100) 
growth  direction  exhibit  a greater elasticity. However, 
stress relief by another  process (wafer  deformation) is 
still prevalent. Slow cooling minimizes  this loss of planar- 
ity to a significant degree  for  both orientations.  Large- 
batch processing of 2.25-inch diameter  (100) wafers has 
been  shown to  produce  circuits having low  dislocation 
density in which both high yield and high performance 
can  be observed in the peripheral region. 

Mechanical strength and gold diflusion 
To realize  optimum  processing  with 2.25-inch wafers, 
the  batch  nature of current  semiconductor technology 
requires  adequate mechanical strength  for minimum 
breakage. Flexure of 1.25- and 2.25-inch wafers has been 
analyzed  theoretically. Both a membrane model and a 
bending-disc model have been  applied,  and each model 
has  been  exercised under  both maximum  symmetrical 
and cantilever loading. It  can  be concluded from  these 
models  that the maximum stress  generated in a wafer 
can be approximated  by 

where p is Poisson's ratio; Po is the  pressure  exerted 
(i.e., the loading); R is the radius of the  wafer;  and t is 
the wafer  thickness. This  expression  relates radius  and 
thickness linearly for equal stress  and  equal loading. 

Membrane  theory predicts small thicknesses, whereas 
bending  theory requires considerably  larger  values. The 
value of 8 mils experimentally adopted  for 1.25-inch wa- 
fers had previously yielded good strength  characteristics 
with low  breakage losses.  The value of 15 mils for 2.25- 
inch wafers determined from  this stress  equation encom- 
passes both theories  and is a median value in each case. 

The required change in wafer  thickness as well as  the 
change in crystallographic  orientation has influenced the 
diffusion of gold needed to control minority carrier life- 
time in the collector region. Conventional  small-wafer 
processing calls for  evaporation of a thin gold film on  the 
wafer  backside,  followed by a high-temperature diffusion 
cycle in which the gold is diffused through the  entire wa- 
fer thickness.  Wafer  thickness  thus determines lifetime 
characteristics if the  process is source-limited 17 1. 

Table 1 indicates that  such variables  as  wafer thick- 
ness, gold film thickness, and the time-temperature  cycle 
all have an influence on minority carrier. lifetime. How- 
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Table 1 Minority carrier lifetime as a function of wafer  thick- 
ness and gold-diffusion process  parameters. 

Wafer  thickness Minority  carrier  lijetime 
(mils)  Process  (arhitrar.y  units) 

8 30 min @lOOO°C; 
400A gold 

400A gold 

400A gold 

800A gold 

8008, gold 

8008, gold 

2.43 

15 30 min @lOOO"C; 5.0 

15 60 ?in @lOOO°C; 2.7 1 

15 120 p i n  @lOOO°C; 1 .o 

15 30 min @1025"C; 

15 20 min @105WC 2.28 

2.57 

Figure 8 Gold  concentration vs xj for (100) devices. 

ever, a  maximum gold concentration within the  transistor 
structure often limits gain and promotes precipitation  at 
critical junction regions. Figure 8 shows an autoradio- 
gram of a typical  in-process gold profile. Regions of high 
n-type dopant  concentrations also  contain high gold levels 
due  to a reactive  affinity  between gold and  the  dopant. 
Raising the  phosphorous  emitter  concentration level for 
maximum efficiency in high speed memory  circuits en- 
tails reduction of the active gold level within the collector 
region at a constant gold film thickness. I 
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I Normalized collector current 

Figure 9 Beta vs normalized  collector current  for both  orien- 
tations. 

Table 2 Transistor test data. 

Electrical 
pnrameter ( 1 1 1 )  (100) 

BVER @ 1 0 ~ A  6.5 mV 7.2 mV 
BVCB @ 10  PA 35 mV 35 mV 
BV,.,, @ 5 mA 12 mV 12 mV 
FVcs @ 1 mA 0.78  mV 0.78 mV 
FV,, @ 1 mA 0.79  mV 0.79 mV 

p(1, = 3 mA) 25 25 
~ ( 1 ,  = 100nA) 1 5 

vcc = 1 v 

Characterization of processed devices 

Device  parameters 
To characterize  and  evaluate  the processing results  for 
individual lots of monolithic  memory circuits, a preferred 
procedure is to include  electrical test  sites in the  photo- 
lithographic mask design,  which is also  used  to  fabricate 
the  product circuits on  the wafer. The  test  sites are chip 
locations that  have a special  metal pattern  that permits 
certain discrete memory components  to be connected  to 
test terminals. In  the initial evaluation of an experimental 
process, large numbers of these  sites  are required to cor- 
relate  device  and circuit performance  and  also to optimize 
process  parameters.  However,  since  the  test  sites con- 
sume valuable  wafer  real estate  and  subtract  from overall 
productivity, many of them  can eventually  be  eliminated 
when optimization of the  process  produces maximum 
yield. Additional components  and special  “dumbell” 
resistor  structures  have been  included in the kerf area 
(area removed  during  chip dicing). These  test devices are 
measured on  the wafer at various steps in the  process 
and  immediately after  interconnection metallurgy by the 
use of automatic  test equipment. Parameters  such  as sub- 
strate resistivity,  epitaxial  resistivity, and diffusion, de- 

I I I I I I I I 
1 2 3 4 5 6 7 8  

ling number 

Figure 10 Yield vs distance from wafer center for 2.25-in. 
wafers of (100) material. 

position  and drive-in resistivities, as well as many other 
electrical device  parameters, can be measured on  each 
run and displayed on computer-plotted  quality control 
charts.  The  test  data  are used for yield analysis  and diag- 
nostics to  improve  control of the  process and to optimize 
yield. The  process  has been  practiced  successfully under 
a high degree of control with these techniques. 

Table 2 shows  data  taken from test  devices  located in 
the kerf area  and  represents typical device  parameters 
for  both  (111)- and (100)-oriented material. It can  be 
seen that device parameters  are almost  equivalent with 
the  exception of low-current  beta.  At low currents,  tran- 
sistor gain becomes  controlled  by surface recombination 
current,  and available base  current  drive  to a device is 
reduced. It  has been observed  that  (100)-oriented mater- 
ial has a lower surface  state  charge  than ( 1  1 1 ) orienta- 
tion, and  base recombination current is strongly  related 
to  the  surface  state charge. Figure 9 is a  graphical illus- 
tration of transistor gain vs normalized  collector current 

It is clear  from this figure that  beta diminishes  much 
faster  for  the  (1 1 1)-oriented material. For  currents of 
0.001 times the peak  value of collector  current,  the  beta 
is 5 times  higher for ( 100) than ( 1 1 1 ). This  improvement 

( Ic l I ,pead .  
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in low-current beta  inherent in the  process  has permitted 
the design of a memory storage cell that  can function 
under pulsed (bi-level) power. The cell is designed to re- 
main stable  at  reduced  current levels  during  periods of 
standby when the circuit is not addressed. 

This pulsed power mode of operation enables maxi- 
mum  information storage at minimum power dissipation 
due  to  the low current levels. The  (100) monolithic mem- 
ories with increased packing densities  that  were  hereto- 
fore impossible with conventional (1 11 ) processing  can 
be  fabricated  without  the need for liquid cooling systems. 
For example,  a  128-bit,  random access memory  chip  con- 
taining  1434 components can be efficiently packaged in 
a group of four chips on a  1/2-inch  module. Furthermore, 
the packing  density of the monolithic  memory requires 
high values of low-current beta  and  these  are  inherent in 
( 100) devices. 

Yield 
Overall  memory  chip yield is determined by the  product 
of process yield and final electrical test yields. The elec- 
trical tests  are performed by computer-operated high- 
speed memory exercisers  capable of operating  the  de- 
vices in a simulated computer  environment in real time. 
Over 12,000  functional tests  are performed in millisec- 
onds, resulting in simultaneous ac and dc testing of the 
memory. 

Figure IO is a curve showing the relative yield of good 
chips as a function of distance from the  center of the wa- 
fer. It should  be  noted that  the distribution of good  chips 
across  the wafer is about  constant  out  to a diameter of 6 
or 7 rings. The  outside ring, although it shows much lower 
yield values, still exhibits  a finite chip yield. 

Test  results  over a considerable  period of time have 
demonstrated  that  the  process, as developed,  is  capable 
of consistently  producing  good yields. The differences 
observed  between (100) and ( 1  1 1 ) device  character- 
istics, including better overall junction quality,  combine 
to  reduce  the technological  limitations encountered in 
the design  and  fabrication of large-scale  circuits. 

Summary 
The formulation,  experimental development, optimiza- 
tion,  and  application to production of a (100)-oriented 
silicon process  for high density, high-speed,  low-power 
monolithic  memory  circuits has been discussed. Both the 
fundamental  nature of the monolithic  circuit for main 
memory  application  and the  process  to  support it repre- 
sent a significant departure  from conventional  semicon- 
ductor technology. The economical  fabrication of these 
large area chips from increased diameter, thicker silicon 
wafers while increasing  injection efficiency through high- 
er  phosphorous  surface concentration  has  also been dem- 
onstrated.  The  attainment of high-speed switching  capa- 
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Figure 11 Yield vs gold and phosphorus concentrations. 

bility with gold diffusion without diminishing junction 
quality has  been  the result of ajudicious selection of both 
gold and phosphorous thermal  cycles. 

Figure 1 1  is a  three-dimensional  display of the con- 
centration of gold and phosphorus vs yield in arbitrary 
units. This figure conveys  the  concept  that a maximum 
functional yield exists in a gold doped npn  device  circuit. 

The  development of a process using the ( 100) material, 
originally adopted  for maximized low-current gain due  to 
minimized surface charge density,  has been shown  to 
yield other processing advantages not  attainable with 
( I  11).  These  have been observed  as: 

1 )  Higher surface  concentration  (near solid solubility) 
in the  phosphorous  doped  emitter; 

2) higher junction quality; 
3 )  increased  crystallographic  perfection, both as  grown 

4) optimum  epitaxial  growth  morphology,  particularly 
and  during processing; and 

over buried  subcollector structures. 

The initial advantage  has  also been  responsible for in- 
creased  emitter efficiency and low contact  resistance, 
and the higher source  concentrations  are  an  important 
factor in the production of high-density, high-speed de- 
vices. 

The final result of these  process  innovations is the fab- 
rication of a high-density monolithic memory  circuit  func- 
tioning at nanosecond  speeds without  complex liquid 9 
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cooling. These  advances  also.have  value  for equivalent 
high-speed circuits in logic applications where  junction 
quality,  cycle  times,  and  similar parameters  have equally 
fundamental  importance. The improved  charge  density 
of oxide-passivated (100) surfaces, and their  correspond- 
ing stability, demonstrate  the possibility of direct applica- 
tion of the (100) orientation for  future high-density de- 
vices. 
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