
Chapter 11 

Semiconductors- Silicon, 

Germanium, 
and 111-V Compounds 

Until the 1930s, the basic materials used to send electrical signals were 
metallic conductors and insulators. These broad categories of substances, 
together with the constituents of cathodes in vacuum tubes, accour~ted for 
most of the materials inventory of the telephone pathway. Certain specialized 
functions of current rectification and temperature-dependent resistance were 
performed by devices made of special materials such as transition metal 
oxides, silicon carbide, silicon, and germanium. As these materials became 
better characterized, it became clear that they and other substances exhibit 
electrical conductivity intermediate between that of metals and insulators. 
These materials came to be known as semiconductors. A theoretical l1asis for 
their behavior emerged through concepts of valence and conduction bands (see 
Chapter 2). 

The culminating discovery of the transistor effect in 1947 brought into focus 
the importance of the basic properties of semiconductors as a class of materi
als. It also underscored the great importance of controlling the impurity con
tent and crystalline perfection of the materials more generally. Related 
research activities on semiconductors are discussed in Chapter 2, Chapter 19, 
and section III of Chapter 5. 

I. COMPOUND SEMICONDUCTORS FOR THERMISTORS 

AND VARISTORS 

A major need of the Bell System has been the ability to transform, 
amplify, and modulate electrical signals. Until about 1930 the electri
cal materials generally used were metallic conductors and insulators. 

Principal authors: J. K. Galt, W. G. Pfann, J. H. Scaff, R. W. Sears, C. D. Thurmond, J. H. 
Wernick, and A. H. White 
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Then semiconductors having electrical conductivity intermediate to 
that of metals and insulators emerged. Thermistors exhibited large 
variations of resistivity with temperature, and varistors showed non
ohmic variation of resistance with voltage. 

1.1 Thermistors 

A the1rmistor, or thermal resistor, is a circuit element with an 
electrical resistivity that varies sharply with changes in temperature. 

1.1.1 Negative Temperature-Coefficient Thermistors 

In the mid-1930s, 0. E. Buckley (later to become president of Bell 
Laboratories) pointed to the need for a negative temperature
coefficient (NTC) thermistor that could be used in the underground 
transcontinental cable as a temperature compensator for the positive
coefficient metallic components. As a result, a variety of materials, in 
addition to those known to have NTC characteristics, were studied by 
G. L. Pearson, J. A. Becker, and C. B. Green.1 The studies led to the 
development of a mixed oxide of nickel and manganese (20 percent 
nickel, 80 percent manganese), which became known as thermistor 
composition number 1, manufactured by Western Electric. It was used 
for the measurement of microwave power and also by the United 
States military as an infrared detector in World War II. It was later 
found that the addition of cobalt oxide to the Ni0-Mn20 3 mixture 
further lowered the room-temperature resistance of the thermistor. 
Western Electric adopted the 52Mn-16Ni-32Co material as composition 
number 2. Composition numbers 1 and 2 still formed the bulk of 
Western Electric thermistor production in the 1970s. Thermistors 
have found a wide variety of practical applications in such functions 
as voltage regulation in power supplies, speech volume limitation, 
temperature compensation, and frequency control of oscillators used 
for signaling in Touch-Tone" telephone station sets. 

1.1.2 Positive Temperature·-Coefficient Thermistors 

In the late 1950s, ceramists became aware of the importance of 
grain-boundary chemistry in defining the properties of electronic 
ceramics. H. A. Sauer and S. S. Flaschen reported that when barium 
titanate ceramics are heated in an oxidizing atmosphere, oxygen is 
trapped along the grain boundaries, producing an insulating layer and 

• Trademark of AT&T Co. 
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thereby a positive temperature-coefficient-of-resistance (PTC) thermis
tor.2 When the thermistor is heated above the Curie temperature of 

BaTi03, which is adjustable from 50°C to 200°C through composition 

control, the resistivity increases by a factor of 104 to 107
• On cooling, 

the resistivity drops again; thus the thermistor can act as a resettable 

fuse. Sauer and coworkers showed the importance of the gaseous 

ambient in the heat treatment and the metallization method on the 

properties of the thermistor.3 

1.2 Varistors 

Varistors are non-ohmic circuit elements with electrical resistivity 

that varies with the applied voltage. Two classes are described below: 
first, the cuprous oxide varistor, with resistance variation asymmetrical 

with respect to zero voltage-that is, the circuit element has rectifying 

properties-and second, the silicon carbide varistor, which is sym
metrical with respect to V - 0 and used for protection from very high 

voltage surges. 

1.2.1 The Cuprous Oxide Varistor 

The cuprous oxide rectifier was described by L. 0. Grondahl and P. 
H. Geiger in 1927.4 Before 1950, the Cu20 semiconductor was subject 
to intensive studies at Bell Laboratories. By simply heating a copper 

disc to 1000°C in air to form a layer of Cu20 of about 0.01 centimeter 
(em), it is possible to produce a rectifier whose forward and :reverse 

currents at 1.0 volt differ by a factor of nearly 4000. W. H. Brattain 
and others showed that the current in Cu20 is transported by positive 

holes excited from acceptor centers, which probably consist of vacant 
copper-ion lattice sites. The highly nonlinear electrical characteristic 

of the copper-oxide varistor made it particularly suitable for the func
tion of modulator (or de-modulator) in telephone carrier systems. It 

was cheaper and more reliable than the electron tube, which it 

replaced. Its nonlinear current-voltage curve also found extensive 

application as a click reducer on telephone lines. 

1.2.2 The Silicon Carbide Varistor 

In the early 1930s, R. 0. Grisdale introduced silicon carbide varis
tors as volta§e limiters (shunts) to protect telephone lines from light
ning strikes. The silicon carbide varistor may be described as a sym
metrical variable resistor, since it does not obey Ohm's law .and its 
current-voltage (I-V) characteristics are the same for both directions of 

current. [Fig. 11-1] 
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Fig. JJ .. I. Typical characteristics of a silicon carbon varistor, relating voltage and 
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In 1947, when the 500-type telephone set was being developed to 
replace the 300-type, lower-impedance varistors were needed as loop 
equalizers to compensate for differences in transmission and reception 
levels caused by different lengths of line. C. J. Frosch, H. F. Dienel, 
and their colleagues developed silicon carbide varistors composed of 
clay, carbon, and silicon carbide that exhibited lower impedance and 
current llevels than had previously been attained.6 For satisfactory, 
reproducible results, great care had to be taken in ceramic processing, 
especially with respect to particle size distribution, purity level, 
amount of clay and graphite, and sufficient water content in the mix 
for workable consistency. By attenuating the signal in short loops 
(near central offices}, the silicon carbide varistor allowed longer loops 
than previously used. 

II. SILICON AND GERMANIUM IN POINT-CONTACT RECTIFIERS 

In the late 1930s, a radio research group led by H. T. Friis began to 
explore the potential of microwave communications. These high fre
quencies required a signa.l detector of very low shunt capacitance. R. 
S. Ohl, an electrical engineer, instinctively turned to the materials in 
vogue in the early days of radio, such as native lead sulfide (galena). 
Metallurl~ists at Bell Laboratories had been studying the preparation 
and properties of elemental silicon, one of the earth's most abundant 
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elements which, however, occurs in nature only in chemical com

pounds. This research showed that polycrystalline silicon works well 
in point-contact detection of high frequency radio, although neither 

the electrical engineers nor the metallurgists understood the electrical 

phenomena. 
In the early 1940s, wartime needs for point-contact rectifiers in 

microwave radar receivers became crucial, and extensive joint efforts 
with government and universities were undertaken. The limitations 

in the performance of these detectors were rightly ascribed to the 

variability in the properties of the materials. At Bell Labs a group of 
metallurgists under E. E. Schumacher (later to become metallurgical 
director) studied the preparation and properties of silicon. This work 

on materials contributed greatly to the development of the 1N21 series 
of point-contact rectifiers. Exciting advances in the undertaking of sil

icon and p-n junctions were also made. Following up on some earlier 
research on germanium by scientists at Purdue University, the Bell 

Labs metallurgists developed high-quality germanium ingots from 

which point-contact rectifiers were made. 

2.1 Silicon Rectifiers 

In the search for materials to meet the needs of microwave com

munications, much pioneering work was done on the metallurgy of 
silicon. The reactivity of this element in its molten state with con

tainer materials greatly complicated the preparation of ingots, which 
were indeed crude even by the earliest standards of single-crystal sili

con in the 1950s. 
A standardized design or "cartridge unit," coded 1N21, was adopted 

in 1941. It consisted of a ceramic sleeve that was threaded on the 

inside. A metal base fitting containing a wafer of silicon was screwed 
into one end of the sleeve; a tungsten wire spring assembly was 
screwed into the opposite end. The cartridge unit was first developed 
by Bell Labs for manufacture by Western Electric. [Fig. 11-2] 

By 1945, a family of cartridge units tailored for use at the frequency 
bands of 1, 3, or 10 GHz had been developed at Bell Labs. A notable 

feature of this effort was the invention of a method of pointing the 
contact wires electrolytically, thereby eliminating a troublesome 
grinding procedure? Another notable feature was that these units 

were tapped with tiny hammers to improve the stability and 
rectification ratio of the current-voltage characteristic, an empirical 

operation never well understood. 
For the 24-GHz radar frequency (K Band), W. G. Pfann, following a 

prototype design of Ohl and G. Mueller, developed a shielded unit, 
the 1N26, having lower shunt capacitance and lower series inductance 



416 Engineering and Science in the Bell System 

than the cartridge units. This was achieved by force fitting a silicon 
wafer assembly into one end of a metal sleeve and a contact spring 
assembly into the other end. The spring assembly contained an elec
tropointed 0.005 em tungsten wire that was spot welded to an axial 
pin molded in a hard plastic sleeve. A detailed account of the 
development of silicon point-contact rectifiers is given in a paper by J. 
H. Scaff and Ohl.8 

2.2 Germanium Rectifiers 

The Bell Labs metallurgical group led by Schumacher and Scaff also 
developed a germanium point-contact rectifier with a structure similar 
to the silicon cartridge unit, and limited numbers were manufactured 
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Fig. 11-2. (A) Drawing of IN21, or cartridge, point-contact rectifier. The contact 
spring is a pointed, 0.012-inch-diameter tungsten wire bent into an "S'' shape. (B) 
Drawing of IN26, or shielded coaxial, point-contact rectifier . 
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by Western Electric. These rectifiers had better rectifying properties 

than silicon units, partly because of improved electrical forming tech

niques, and were used in some radar receivers. More importantly, the 

same procedures that were developed by H. C. Theuerer for purifying 

germanium tetrachloride and preparing germanium ingots for the 

rectifiers were also used for preparing germanium for the first transis

tors. 

III. SILICON AND GERMANIUM STUDIES BEFORE 1948 

In 1945, a large fund of practical knowledge about silicon and ger

manium existed at Bell Labs, and a rich stockpile of ingots of these 

semiconductors became available for physics research initiated by J. 
Bardeen, Brattain, Pearson, W. Shockley, and others. The discovery of 

the transistor effect by Bardeen and Brattain in 1947 led to a marked 

increase in the materials research efforts on silicon and germanium. 

3.1 Silicon Ingots with p- and n-Type Conductivity 

In addition to work on silicon for point-contact rectifier applica

tions, studies were conducted on the properties of silicon as a semi

conductor. Although the first silicon ingots prepared by Scaff and 

Theuerer were polycrystalline and relatively impure, they revealed 

fundamental knowledge about semiconductors. 
For their first experiment, Ohl and Scaff melted about 45 grams of 

the purest silicon commercially available (99.8 percent purity) under 

helium in a crucible of fused silica of roughly hemispherical shape. 

The molten silicon was frozen in place by slowly reducing the furnace 

power, so that the melt froze from the top downward and from the 

crucible walls radially inward.9 

By examining a vertical cross section, Ohl showed that the polarity 

of point-contact rectification reversed as the distance to the center of 

the ingot decreased. The study also showed that a rectifying barrier 

which, upon illumination, produced a photovoltage existed between 

the two regions. Scaff and Ohl named the outer region "p-type" and 

the inner region "n-type," a most fortunate choice. [Fig. 11-3] 
These p-n junctions aroused intense interest at Bell Labs. Pfann and 

Scaff [Fig. 11-4] applied microscopy and special etching techniques, 

and identified the p-n junction as a striated boundary separating the p 
and n regions of the ingot.1° Further experiments by Theuerer 

showed the formation of the p-n junction to be a result of the normal 

segregation of unknown impurities during the freezing process. 

These early ingots were badly cracked because they expanded when 

frozen and the silicon adhered to the crucible. The problem was 
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Fig. 11-3. (A) Early silicon ingot etched to show the 
photovoltaic p-n barrier, which separates the outer, p-type 
region from the inner, n-type region. (B) 
Photomicrograph of p-n barrier in early silicon ingot. 
The repetitions of p- and n- regions were caused by 
fluctuations in the growth rate of the solidifying melt . 

solved by Theuerer by using a very thin-walled cylindrical crucible 
that was about 10 centimeters long. A 320-gram ingot was frozen 
directionally from the top downward by slowly raising the crucible 
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from the furnace . Cracking caused by adhesion was avoided because 

the crucible was made so thin, by etching in hydrofluoric acid, that it 

was barely strong enough to hold the silicon granules. When contrac

tion began, the crucible cracked, not the silicon. Such ingots provided 

p-type silicon for the 1N21 series of point-contact rectifiers. 

Theuerer discovered that adding small amounts of boron (0.001 to 

0.01 percent) increased the p-type conductivity of these ingots, and 

that as the boron content increased, the p-n junction moved closer to 

the bottom of the ingot. He suspected that phosphorus was somehow 

involved, for he had smelled traces of phosphine at times during 

ingot preparation. He concluded that phosphorus opposed boron and 

produced n-type conductivity, and further, that the p-n junction 

occurred because phosphorus segregated more readily than boron, so 

that its concentration overtook that of boron in the part of the ingot 

that froze last. 
Using these concepts, Theuerer produced p-type ingots of highly 

uniform electrical conductivity (a desideratum for production) by 

Fig. 11-4. W. G. Pfann, inventor of zone refi ning, shows the firs t zone

refined single crystal of germanium to J . H. Scaff, who pioneered in the 

growth of germanium and sil icon ingots of either p-type or n-type 

conductivity. 
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adding boron and lesser amounts of phosphorus. Even though the 
phosphorus segregated faster, its concentration remained lower than 
that of boron, and a constant difference concentration was maintained. 

From Theuerer's work emerged the basic generalization that ele
ments of Group III (for example, boron or aluminum) produce p-type 
conduction in silicon, that elements of Group V (phosphorus, 
antimony, arsenic) produce n-type conductivity, and that these two 
kinds of impurity (acceptor and donor, respectively) compensate, atom 
for atom, so that the resultant conductivity is proportional to the 
difference in atomic concentrations. This remarkable piece of 
scientific detective work was accomplished without the help of chemi
cal analysis, as the concentrations were too low for the analytical tech
niques then available. 

This work, which is summarized in the classic paper of Scaff, 
Theuerer, and Schumacher was completed by 1945, but publication of 
it was delayed until1949 because of military security restrictions.11 

3.2 Germanium Ingots 

Germanium ingots were prepared by Theuerer in a cylindrical gra
phite crucible by hydrogen reduction of very pure Ge02•12 In the 
same operation, the germanium was melted and frozen in the crucible 
from the bottom upward. The ingots thus obtained were polycrystal
line, but with rather large grain size. They were usually n-type, with 
the conductivity increasing toward the top of the crucible. This was 
the material in which the transistor effect was discovered by Bardeen 
and Brattain. 

IV. THE POINT-CONTACT TRANSISTOR 

Soon after the discovery of the point-contact transistor, Pfann 
modified the structure of the 1N26 shielded point-contact rectifier to 
produce a plug-in point-contact transistor. The axial nickel pin was 
replaced by two parallel pins, with an offset C-spring welded to each 
pin. The germanium was n-type. [Fig. 11-5] A special method of 
electrical forming was developed, involving both the emitter and col
lector.13 A phosphor bronze wire was used for the collector contact. 
spring, and it was found later that the critical substance in the spring 
was the donor element phosphorus, which made possible the attain
ment of a current multiplication factor, 01., much greater than the 
theoretical value of unity. This transistor was the prototype of the 
Type A transistor, which was manufactured by Western Electric for 
about ten years. 

To improve the mechanical stability and electrical performance of 
the Type A transistor, which depended on mechanical spring pres-
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Fig. I 1-5. A point-contact transistor with the outer 

s leeve cut away to reveal the interior. The two 

contact springs a re composed of elect ro-pointed 

tungsten and phosphor bronze wire. The 

semiconductor crys ta l is n-type germani um . 
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sure, Pfann and coworkers developed a technique of alloying the con
tact springs to the germanium by passing a pulse of current through 
the original point contact. This technique also yielded better rectify
ing properties. Electrode materials that alloyed with germanium at 
low temperatures (for example, gold and aluminum) were used. 
Adding a small amount of antimony to the gold collector alloy had 
the same effect on a as using phosphor bronze .14,15 

Although this improved transistor did not replace the Type A 
transistor because of the invention of the junction transistor, the alloy
ing technique, using a gold-gallium alloy, was retained to make con
tact to the thin p-type base layer of the n-p-n transistor. 

The alloying technique was also used by Pearson and P. W. Foy to 
fabricate a silicon diode rectifier. 16 The p-n junction, formed between 
the aluminum-doped p-type regrowth layer and the underlying n
silicon, had a reverse current of only 3 x 10-to amp, and could be 
operated at 300°C. These devices became widely used commercially. 

V. SILICON AND GERMANIUM STUDIES AFTER THE INVENTION OF 
THE TRANSISTOR 

Demonstration of the transistor effect immediately created a demand 
for single crystals, higher purity, and greater uniformity of resistivity. 
The first efforts were directed toward germanium, because it was the 
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semiconductor that showed the effect. Later, similar efforts were 
directed successfully toward silicon. 

5.1 Germanium and Silicon Single Crystals for Junction Transistors, Grown 
by Crystal Pulling 

A single-crystal growth technique, first used by J. Czochralski in 
1917,17 was adapted and improved in 1950 by G. K. Teal and J. B. Lit
tle for the growth of single crystals of germanium.18 A seed crystal 
was lowered into a melt of germanium and then withdrawn slowly, 
usually with rotation, to produce crystals 8 centimeters long and 
2.5 centimeters in diameter. The minority carrier lifetime, T, in the 
germanium crystals grown in this way was strikingly greater than for 
polycrystalline germanium. The technique, which became known as 
crystal pulling or the Czochralski method, was widely applied and 
later extended to grow silicon crystals. By 1980, silicon crystals of a 
meter in length and over 10 centimeters in diameter were manufac
tured routinely. 

In 1950, an important advantage of crystal pulling was that n-p-n 
junctions could be built into the growing crystal of germanium by 
perturbing the growth conditions. With the "double-doping" tech
nique, pellets of gallium and antimony alloys of the semiconductor 
were added in quick succession to the melt of a growing n-type cry
stal to form an n-p-n transistor, as described in 1951 by Shockley, M. 
Sparks [Fig. 11-6L and Teal.19 Although this growth technique was 
later superseded, this event was an important milestone in transistor 
science. 

With the double-doping technique just described, only one n-p-n 
junction configuration could be grown in a Czochralski-type crystal. 
In 1953, R.N. Hall of the General Electric Company described a tech
nique known as rate-growing with meltback, by which a series of n
p-n junctions could be grown into a germanium crystal.20 By cycling 
the crystal pulling rate from fast to slow, the concentrations of gal
lium and antimony in the growing crystal were made to vary in such 
a way that a series of n-p-n junction configurations were formed. This 
technique was studied extensively at Bell Labs by H. E. Bridgers for 
germanium}1 and by M. Tanenbaum and coworkers for silicon.22 

These two methods were extremely important to the advance of the 
science of transistors, but they presented inherent problems for 
manufacture. The junctions were inside a crystal, usually curved in 
shape, and had to be sawed out of the crystal. The base (p-type) layer 
thickness was larger and less uniform than desired. The solution to 
these problems was later to emerge with the perfection of solid state 
diffusion techniques. (This topic is discussed in section 5.5.), 
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Fig. 11-6. M. Sparks fabricated the first junction transistor. 

5.2 Zone Refining and Zone Leveling of Germanium 

In 1951, Pfann invented a simple technique for ultrapurifying ger

manium that became known as zone refining.23 It is described in some 

detail in section 2.1 of Chapter 19 in this volume. A 500-gram ingot 

of germanium was passed through six induction heating coils in a 

horizontal open boat of very pure graphite, with the result that over 

80 percent of the ingot exhibited the intrinsic room-temperature resis

tivity of a very pure semiconductor. [Fig. 11-7] Low-temperature 

measurements by G. C. Dacey indicated an excess donor concentration 
less than 5 x 1012 atoms per cubic centimeter (cm3), that is, less than 

one donor atom per 1010 atoms of germanium. 
Another zone melting method invented by Pfann is zone leveling 

(also discussed in Chapter 19). Its object is to add a desired impurity 

uniformly along a single crystal. An oriented seed crystal is placed at 

one end of a horizontal carbon-coated boat of fused silica, abutting a 

pure (zone refined) germanium charge. A tiny pellet of antimony

germanium alloy is placed at the starting position of the zone. A mol

ten zone is formed, melting a small part of the seed crystal, and the 

zone is passed along the charge. Using this technique, Pfann and K. 
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Fig. 11 -7. Original zone rdiner used to ultrapurify germanium. Each induction 
coil forms a molten zone that travels along the 1-1 b ingot, thereby removing 
impurities from most of the ingot and concentrating them a t the end. 

M. Olsen24 demonstrated that over 80 percent of the zone leveled cry
stal had a uniform concentration of 1015 antimony atoms per cm3, as 
compared with a concentration varying from 1015 to 1016 antimony 
atoms per cm3 in crystals grown by normal freezing (as in the Czo
chralski technique). The zone leveling method has been widely used 
in the manufacture of transistors and diodes. 

5.3 Kinetics of Impurity Distribution During Crystal Growth 

In a detailed experimental investigation coupled with a theoretical 
analysis, J. A. Burton, R. C. Prim, W. P. Slichter, and their colleagues 
studied the thermodynamic and kinetic aspects of the incorporation of 
impurities during growth of germanium crystals by the Teal-Little 
method. 25•26 They derived an equation relating the distribution 
coefficient of the solute to the freezing rate, the d iffusivity of the 
impurity, and the thickness of the diffusion boundary layer at the 
growth interface. [Fig. 11-8] They found, among other effects, that 
variations in growth rate and stirring can change the impurity con
centration by a factor of ten or more . Years later, L. 0. Wilson made 
extensive computer calculations of the fluid flow during Czochralski 
growth.27 Her results verified the Burton-Prim-Slichter analysis. She 
also calculated the solute d istribution resulting from fluctuating 
growth rate, including cases where fluctuation amplitude is large 
enough to produce meltback. The Burton-Prim-Slichter equation has 
been widely used in research on crystal growth. 

When a semiconductor crystal is grown, microscale fluctuations in 
growth rate cause microscale fluctuations in the concentration of a 
donor or acceptor and hence in electrical conductivity. Pfann and 
coworkers conceived a method of eliminating such conductivity 
fluctuations,28 and with the help of L. P. Adda demonstrated it for a 
zone-leveled germanium crystal containing the acceptor indium as the 
major solute . The method is to have a small concentration of an 
opposite-type solute, in this case antimony, in the melt. The ratio of 
melt concentrations of major to minor solutes is made equal to the 
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inverse ratio of the growth rate coefficients of the solutes. If this is 
done, the difference concentration in the solid and hence the electri
cal conductivity remains constant. For germanium with an indium
to-antimony ratio of 7 to 1, microscale fluctuations in conductivity 
were too small to measure. Furthermore, a deliberate, large change in 
growth rate changed the conductivity by less than 10 percent of that 
for indium alone. This microscale technique is analogous to the 
macroscale technique used by Theuerer to grow uniform ingots of p
type silicon (see section 3.1 of this chapter). 

5.4 Silicon Single Crystals Grown by the Floating Zone Technique 

Although silicon crystals were grown by crystal pulling by Teal and 
E. Buehler, contamination (mainly oxygen) from the fused silica cruci
ble remained a serious drawback.29 Theuerer invented the floating 
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Fig. ll-8. Impurity distribution coefficient, k, as a function of growth rate 
calculated from the BPS equation for a value of the ratio of diffusion layer 
thickness, /i, to dilfusivity, D, common in growth of germanium single crystals. 
k 0 is the value of k at zero growth rate. Note that all k's approach unity at 

large growth rates. 
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zone mE!thod, also called float zoning, and applied it to the growth of 
silicon single crystals of high quality.30 Using zone r1efining and zone 
leveling, purity levels and uniformity of composition comparable to 
those obtained in germanium were achieved in silicon. (The floating 
zone method is discussed in more detail in Chapter 19, section 1.2.1.) 

In float zoning, a vertical rod of silicon is clamped at both ends and 
a short molten zone extending through the cross SE~ction is formed. 
The zone is caused to traverse the rod by moving the rod through the 
induction heater, usually with rotation. The method is used world
wide, mainly for silicon but also for many other high·melting·point 
semiconductors, refractory oxides, and refractory metals. [Fig. 11·9] 

5.5 Germanium and Silicon Transistors Made by Diffusion 

The disadvantages of melt·grown, n·p·n junctions formed in the 
interior of the germani1;Lm crystals were pointed out in section 5.1. 
For silicon, these disadvantages were compounded by the problem of 
contamination from the crucible. Faced with the need of finding a 
solution to these important problems, a research effo1rt was organized 
in 1953 under the lead·ership of N. B. Hannay.31 Tanenbaum and 
coworkers used the ratl~·growing technique to make silicon n·p-n 
junctions and demonstrated that silicon was superior for transistors.32 

But further advances for both silicon and germanium awaited the per
fection of solid state diff1;Lsion techniques for transistors. 

The process of atomic diffusion from an external surface offered the 
possibility of fabricating thinner base layers and thus increasing the 
transistor cutoff frequency. This technique had the advantage of 
operating entirely within a solid phase of initially homogeneous com
position, and of being slow enough to permit fine control of dimen
sions. It: was known that diffusion constants differed widely among 
the electrically active impurities in germanium and silicon. In 1952, 
C. S. Fulller published a pioneering study of the diffusion of donors 
and accE~ptors in germanium, which provided a basis for diffusion 
technology. 33 

By the mid-1950s, improvements had been made in the cleanliness 
of heating methods, and the lowering of critical impurities in sem
iconductors. These advances made possible the fabrication of p-n-p 
and n-p-n configurations by diffusion. In 1956, the flrst transistor in 
germanium made by this method was reported by C. A. Lee.34 He 
diffused a 1.5 micrometer (~m) layer of arsenic into p-type ger
manium, forming the ba~;e layer. He then diffused a thinner layer of 
aluminum to provide an ~~mitter layer about 0.5 ~m thick. 

Also in 1956, Tanenbaum and D. E. Thomas described the results of 
their experiments with the diffused emitter and base-silicon transis
tor.35 Fuller had shown that acceptors of low atomic weight diffuse 
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much more rapidly than donors,36 which made possible n-p-n struc
tures by simultaneous diffusion of donors and acceptors of appropri
ately different surface concentrations. The first n-layer (the emitter) 
was formed because of the greater surface concentration of the donor 
(for example, antimony). The base formed beyond it because of the 
more rapid diffusion of the acceptor (for example, aluminum). The 
inner (collector) boundary of the base appeared where the diffused 
aluminum no longer over-compensated then-type background doping 
of the original silicon. The base layers of the resulting transistors 
were 4-Jtm thick. Although the necessary heat treatments had 
reduced the recombination lifetime for the minority carriers to a frac
tion of a microsecond, these carriers could diffuse across this short dis
tance with less than about 3 percent loss by recombination. Because 
the base layer was so thin, the carriers could reach the collector fast 

Fig. 11-9. Early floating zone apparatus developed 
by H. C. Theuerer and used to ultrapurify silicon. 
The molten zone is held in place by surface tension 
as it travels along the crystal. 
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enough to give rise to the observed high-frequency cutoff of 
120 megahertz (MHz). 

The solid state diffusion techniques released the n-p-n junction from 
its bondage to the interior of a bulk single crystal. Related techniques 
such as epitaxy and ion implantation followed, as described in sec
tions 1.3 and 4.2 of Chapter 19. Perhaps most important of all, the 
diffusion techniques opened a pathway to fabricating solid state de
vices at the planar surface of a semiconductor. This in turn made 
possible, with the aid of masking and lithography techniques, the 
fabrication of thousands of electronic components on a single chip of 
semiconductor as used in integrated circuits. 

VI. THE III-V SEMICONDUCTORS 

Another major semiconductor materials effort involved the III-V 
compounds, especially gallium arsenide (GaAs), gallium aluminum 
arsenide (Ga1-xAlxAs), indium phosphide (lnP), and gallium phos
phide (GaP). These materials provide the basis for optoelectronic dev
ices, primarily the heterostructure semiconductor lasers and the light
emitting diodes (LEOs). For more on this topic, see section 5.3 of 
Chapter 2 in this volume. 

6.1 GaAs and InP Studies 

In the early 1950s, a group led by J. A. Burton initiated research on 
III-V compound semiconductors. Indium antimonide single crystals 
were prepared by Tanenbaum, and their electrical transport properties 
and optical and magnetic properties were studied by J.P. Maita,37 
H. B. Briggs,38 and G. L. Pearson.39 The work was extended by H. J. 
Hrostowski to other Group Ill antimonides and to arsenides.40 The 
initial studies indicated that the two most promising high band gap 
materials were GaAs and InP, and it was decided to concentrate on 
GaAs, primarily because of the high mobility of its conduction elec
trons and its energy gap, which is somewhat larger than that of sili
con. J. M. Whelan applied the floating-zone crystal growth and 
purification techniques used by Theuerer in silicon to the work on 
GaAs and produced high-resistivity GaAs for exploratory device work. 
Doping studies were also carried out to measure the distribution 
coefficients of various impurities, particularly copper at its melting 
point in GaAs.41,42 

In contrast to GaAs, InP exhibits a high dissociation pressure 
(27.5 atmospheres at its melting point of 1070°C), and this made it 
necessary to use pressurized vessels when growing crystals by the 
Czochralski process. By 1980, InP had emerged as the second most 
important 111-V compound, because of its use as a substrate for lattice-
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matched double heterostructure LEOs, lasers, and detectors for optical 

communication at 1.3 ~m and 1.55 ~m. The first long-wavelength (1.3 

~m) lightwave communication system to carry live telephone traffic 

used LEOs and detectors based on the InP /lnGaAsP system. 

6.2 GaP Studies 

C. J. Frosch, M. Gershenzon, and D. F. Gibbs used the horizontal 
Bridgman method to produce boules of GaP from which large 

single-crystal regions with relatively homogeneous properties could 

be cut. Soon thereafter, crystal growth b~ the floating zone method 
was achieved by Frosch and L. Derick.4 In addition, va~or phase 
growth was explored by Gershenzon and R. M. Mikulyak 4 and by 

Frosch.45 Liquid phase epitaxy, described in section 6.3 below, was 
also adopted and has proved to be the best technique for studying 
luminescence in GaP and for fabricating the junctions.46 

Efforts to fabricate LEOs from GaP started before 1962. Unwanted 
impurities had reduced power efficiency of diodes made in this early 
period. A major advance vital to the success of red GaP lamps was the 

discovery by R. A. Logan, H. G. White, and F. A. Trumbore that an 
annealing treatment increased the luminescent efficiency of p-n junc
tions in GaP by about a factor of four.47 In these structures, about 2 
percent of the carriers transported through the forward-biased junc
tion recombined at the Zn-0 impurity sites and emitted red photons. 
This 2 percent "quantum efficiency" was a new high, and made such 

structures attractive for device applications. It was later shown by C. 

H. Henry that this light was emitted primarily by an isoelectronic trap 
formed by a zinc atom and an oxygen atom on neighboring sites.48 

In 1968, the feasibility of fabricating an efficient green LED by dop
ing with nitrogen was demonstrated by Logan, White, and 

W. Wiegmann.49 Thus, it was established that the isoelectronic trap 
provided the basis of LEOs made of GaP that generated either red or 
green light depending only on impurity content. In addition, it was 
shown by W. Rosenzweig, Logan, and Wiegmann that doping with a 
mixture of these defects made it possible to fabricate GaP diodes of 
variable hues between red and green.50 

6.3 Liquid Phase Epitaxy for Light Emitting Diodes and Semiconductor 

Lasers 

The research effort on GaAs at Bell Labs increased in the mid-1960s 
because of its relevance to semiconductor lasers. In 1965, M. B. Panish 

studied the bulk properties of GaAs grown from solutions of arsenic 
in gallium by liquid phase epitaxy (LPE). (This technique is described 
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in section 1.3.3 of Chapte·r 19 in this volume.) Panish,. H. J. Queisser, 
and others studied luminescence in this way and found that LPE is 
capable of producing very high quality GaAs material for optical dev
ices.51 

The LPE crystal growth technique was also used by Panish and S. 
Sumski to conduct studie·s that delineated the equilibrium chemical 
phase diagram of the Ga-Al-As system.52 The information developed 
in these studies was the basis for the technique devised for fabricating 
some of the first heterostructure lasers.53 In the early 1970s, work on 
the Ga-Al-As-P quaternary system made possible the fabrication of 
such lasers with phosphoJrus in the host lattice, a step that permitted 
precise tailoring of the lattice match in heterostructur,es for improve
ment in device life.54 

6.4 Molecular Beam Epitaxy for Layers of 111-V Compound!l 

At the titme of this writing, the most recent contribution of Bell 
Labs scientists to the mab~rials science of the III-V semiconductors is 
the invention by J. R. Arthur, and subsequent development by A. Y. 
Cho, of a novel method of crystal growth called molec:ular beam epi
taxy (MBE).55 This method, which is described in some detail in Sec
tion 1.3.4 of Chapter 19 in this volume, consists of growing a crystal 
layer by impinging beams of relevant molecular species from effusion 
ovens onto a substrate in what is otherwise a high vacuum. This 
method makes possible a new order of control of layer dimensions 
and doping profiles. A. C. Gossard and coworkers hav'e demonstrated 
that it also enables the fabrication of structures with a very large 
number of thin layers (monolayer structures) and hen<:e crystals with 
periodicities that do not occur in nature.56 B. I. Miller and coworkers 
used the MBE techniqw~ to produce a room-temperature, long
wavelength (1.65 #LID), double-heterostructure InGaAs laser.57 

VII. TERNARY AND QUATERNARY SEMICONDUCTOR COMPOUNDS 

A natural extension of the search for new semiconductors is to 
examine ternary compounds exhibiting diamond-like or tetrahedral 
coordination. The most interesting ternary cousins of the tetrahedral 
family are the I-III-VI2 and II-IV-V2 compounds such as AgGaSe2 and 
ZnGeP2, which usually have the chalcopyrite structure as in the 
mineral CuFeS2•58 

Ternary chalcopyrite crystals have properties that suggest possible 
technological applications in the areas of photovoltaic solar cells, 
infrared detectors, visible and infrared light-emitting diodes, optical 
parametric oscillators, up converters, and far-infrared generation. 
Several of the ternary compounds can be made both p-type and n-
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type. In addition, it has been found that two of them, CuGaS2 and 
CuAlS2, can be made p-type and have direct bandgaps in the visible 
and ultraviolet, respectively. They are unique in this respect, and 
have generated activity for applications to heterojunction lasers with 
large bandgap II-VI compounds, which can only be made n-type. 

Because of their noncubic crystal structure, these compounds are 
optically birefringent, and have large nonlinear coefficients suitable 
for second harmonic generation of optical frequencies. The nonlinear 
properties of AgGaS2 and CulnS2 were summarized by G. D. Boyd, 
H. M. Kasper, and J. H. McFee.59 The properties of ZnGeP2, ZnSiAsz, 
CdGeP2, and CdGeAs2 were studied by Boyd, E. Buehler, F. G. Storz, 
and J. H. Wernick.60 Optical parametric oscillation was demonstrated 
in ZnGeP2 in the infrared and submillimeter wave generation near 
100 ~m by Boyd, T. J. Bridges, C. K. N. Patel, and Buehler.61 

These compounds are also of interest from a fundamental point of 
view because the chalcopyrite structure is the simplest, noncubic ter
nary analog of the well-understood cubic binary zinc-blende (ZnS) 
structure. The noncubic structure makes the ternary crystals differ 
from that of binary compounds in several nontrivial ways, such as the 
lifting of degeneracies and other interesting features in the energy
band structure. 

Many other new ternary semiconductors were synthesized by Wer
nick in the mid-1950s. One such semiconductor, AgSbTez, has desir
able thermolectric properties. It has a sodium chloride (NaCl) cubic
crystal structure, with the silver and antimony atoms randomly occu
pying the sodium sites. It conducts heat almost as poorly as glass. An 
InGaAs p-intrinsic-n (PIN) detector with sufficiently low dark current 
has been fabricated by R. F. Leheny and coworkers.62 An InGaAs li~ht 
emitting diode has been produced by T. P. Pearsall and coworkers.6 

The first quaternary long-wavelength (1.0 ~m) room-temperature 
laser (AlGaAsSb) was produced by R. E. Nahory and coworkers and 
stimulated a search for other quaternary lasers.64 

VIII. SEMICONDUCTORS IN SOLAR PHOTOVOLTAIC CELLS 

8.1 The Bell Solar Cell 

The first silicon p-n junction solar cell was made at Bell Laboratories 
in 1941 by R. S. Ohl. However, this cell was inefficient because pure 
silicon was not yet available and, more importantly, because precisely 
positioned junctions, near the light-absorbing surfaces, could not be 
made. In 1947, Scaff and Theuerer made silicon photovoltaic cells by 
diffusing phosphorus into p-silicon and by diffusing boron into n
silicon, thereby forming large-area photovoltaic barriers near the sur
face of the silicon.65 
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The breakthrough leading to efficient solar cells came with FuUer's 
pioneering study of impurity diffusion as a means of p-n junction for
mation in germanium (see section 5.5 of this chapter). [Fig. 11-10] 
This study stimulated interest in the application of the diffusion tech
niques to solar photovoltaic cells for the conversion of solar energy to 
electricity. Pearson and Fuller made the first large-area silicon p-n 
junction by diffusing phosphorus or boron into material of the oppo
site conductivity type at temperatures above 1000°C.66 They produced 
an efficient power rectifier covering an area of 0.75 cm2 and yielding 
forward current up to 20 amps through a resistance of 0.08 ohm. 
Then D. M. Chapin, Fuller, and Pearson made a similar junction very 
close to a silicon surface which could be exposed to light. In 1954, 
they announced that the resulting photovoltaic cell, having an 
efficiency of 6 percent, was the most efficient means then available for 
converting sunlight into electrical energy.67 

The commercial use of silicon solar cells began when they became 
the preferred source of electric power for space satellites. Silicon solar 
cells were used in the first orbiting satellite, Vanguard I, launched on 
March 17, 1958. Its radio transmitter, powered by solar cells, operated 
for eight years before radiation damage caused it to fail. Annual pro
duction of silicon solar cells for space applications rapidly increased, 
and then leveled off at quantities yielding something less than 100 
kilowatts in the early 1970s. 68 

Fig. ll-1 0. C. S . Fuller holding a tube used to prepare silicon for use 
in the Bell solar battery. 
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8.2 Other Single-Crystal Semiconductor Solar Cells 

Between 1974 and 1976, J. L. Shay, S. Wagner, and coworkers 

invented two new photovoltaic solar cells with solar power conver

sion efficiencies above 10 percent, generally considered the minimum 

efficiency suitable for large-scale applications. A heterojunction pho

tovoltaic cell was prepared by growing a cadmium sulfide layer on a 

single crystal of copper indium diselenide.69 A quantum efficiency of 

about 70 percent was measured over the entire wavelength range 

between 0.55 and 1.25 ~tm, and a solar power conversion efficiency of 

12 percent was measured. Another heterojunction solar cell was 

prepared by growing a cadmium sulfide epitaxial layer on a substrate 

of single-crystal indium phosphide.7° Preliminary devices showed a 

15 percent efficiency for solar power conversion, which was compar

able to commercial silicon solar cells. 

8.3 Semiconductor-Liquid Junction Photovoltaic Cells 

In 1976, A. Heller proposed the use of semiconductor-liquid junc

tions, similar to those used by W. H. Brattain and C. G. B. Garrett,71 

for solar cells that retain much of their single-crystal efficiency. 

Miller and Heller made such a cell by anodizing a cadmium metal 

sheet in a sulfide/disulfide solution, which also formed the junction 

with the semiconductor. This CdS cell had an efficiency of about 1 

percent?2 A later cell with an n-CdSe ceramic made by M. Robbins in 

1977 had an efficiency of 5 percent.73 To address the problem of 

electron-hole recombination at semiconductor grain boundaries, 

Heller suggested that strongly bound impurities be introduced at sur

faces and grain boundaries to reduce electron-hole recombination. By 

dipping semiconductors in solutions of chemisorbed ions, Heller and 

B. A. Parkinson increased the efficiency of solar cells made with chem

ically vapor-deposited GaAs on graphite to 8 percent74 

The initial work at Bell Labs centered on n-type photoanodes in 

which holes produced by light shining on the semiconductor arrive at 

the semiconductor-liquid interface. Some of these holes may oxidize 

and corrode the exposed semiconductor surface. In p-type photo

cathodes, however, photogenerated electrons protect the semiconduc

tor surface against oxidative corrosion. The problem with these 

photocathode-based cells was carrier recombination at the 

semiconductor-liquid interface. By strengthening the chemical bonds 

at the InP-liquid interface, recombination was reduced and 11.5-

percent efficient singly crystalline cells, that were stable under intense 

irradiation, were made75 By introducing small amounts of hydrogen

evolution catalysts into the semiconductor interface, photogenerated 

electrons arriving at aqueous acid interfaces could be reacted with 

protons, reducing these to hydrogen. Thus Heller made 12-percent 

efficient cells that directly convert sunlight to hydrogen76 
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