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Within AT&'f, III-V compound semiconductor crystals
are used for the manufacture ofphotonic and high­
speed integrated circuit devices. But commercial proces­
ses have limitations thatprevent them from producing
crystals ofthe quality these devices require. Therefore,
AT&T has developed thevertical-gradient-freeze (VGF)
technique into a process thatcan produce large, high­
quality gallium phosphide (GaP), indium phosphide
(lnP), and gallium arsenide (GaAs) crystals. In this
paper, we first survey the major crystal-growth proces­
ses and then present the improved results ofVGF
growth for InP and GaAs. TheVGF-grown material
hasverylow levels ofcrystalline defects distributed
uniformly throughout the crystal. Growth striations are
planar and aregreatly reduced from those observed in
othermaterials. We attribute the low defect density to
reduced temperature gradients during growth.

Introduction
High-quality, single-crystal substrates ofInPand GaAs are

important for theadvancement ofIII-V compound-semiconductor
electronic and photonic technologies. Progress incost-effective
manufacturing, performance, andcomplexity ofdevices ispartly re­
lated to improvements inthechemical and structural perfection of
single crystals. Single-crystal substrates affect the Quality ofepitaxial
layers anddiffused or implanted regions in thesubstrate. Chemical
purity determines theelectrical properties ofsubstrates, and structural
perfection influences device yields, carrierrecombination, impurity get­
tering, anddevice reliability. Thispaper discusses theproduction of
state-of-the-art compound semiconductor substrates, with emphasis on
structural perfection and chemical homogeneity. (Panel l defines terms
andacronyms used inthispaper.)

The importance ofachieving low substrate-dislocation den-
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sities varies with the design and cost objective of each 
device type. For minorityxarrier photonic devices such 
as lasers, lightemitting diodes (LEDs), and avalanche 
photodetectors (APDs) , there is a body of evidence that 
dislocations adversely affect their performance. Nonradia- 
tive recombination at dislocations reduces quantum ef- 
ficiency, and dark-line defects that limit lifetime have also 
been traced back to dislocations. For majority-carrier 
devices, the field currently lacks consensus that low- 
dislocation substrates are needed to meet today’s device 
performance and yield objectives. But defect-free sub 
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v e r t i d - g d i e n t ~  
zinc 

strates will be required as the III-V electronics technol- 
ogy advances to larger scales of integration and feature 
sizes are reduced. 

Common Productbn ~occwses. The most common 
process for largescale production of round InP and semi- 
insulating GaAs single crystals has been liquidencapsu- 
lated Cmchralski (LEC), while the horizontal Bridgman 
(HB) process is used for silicon-doped, n-type GaAs. The 
LEC process, with a molten boric oxide encapsulant, 
readily accommodates the high phosphorus (P) vapor 
pressure associated with InE The reduction of silicon (Si) 
dopant levels, necessary for growing undoped semi- 
insulating GaAs, is readily achieved via LEC using 
pyrolytic boron nitride (PBN) crucibles. Even though the 
HB quartz ampoule is fragile and the cross section of the 
crystal is D shaped, HB is a commercially feasible 
process because of its relatively simple and inexpensive 
processing equipment. 

One of the most serious drawbacks with the LEC 
process is the large axial-temperature gradient needed to 
maintain diameter control. The resulting thermoelastic 
stresses in the crystal have been shown’ to exceed the 
low yield strength of these compound semiconductors 
and create a high level of dislocations. Typical dislocation 
densities for undoped InP and GaAs range kom l(r/cm2 
(per square centimeter) to 105/cm2. Significant world- 
wide effort has been focused on this problem, but all par- 
tial solutions involve either a signiicant increase in 
equipment complexity or the addition of various dopants 
that also alter the crystal‘s chemical properties. If we use 
elementesuch as sulfur (S) , zinc (Zn) , and germanium 
(Ge)-to dope at the low to mid-10l8/cm3 (per cubic cen- 
timeter) level, the high dislocation densities typical of 
LEC growth can be mitigated by a ‘lattice hardening” 
mechanism? Although this technique has been extensive 
ly used to reduce dislocation levels in LEC-grown crys- 
tals, the penalties are higher levels of unrelieved strain 
and increased optical absorption. 

A second drawback of the LEC process is that 
the melt is coolest at the top surface. This leads to consid- 
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erable buoyancy-driven convection that creates non- 
homogeneities in the crystal dopant and incorporates 
point defects. Such convection can be diminished if a 
large magnetic field is applied to the melt, but only at the 
expense of considerable increase in complexity. 

A New R-. The drawbacks of the LEC growth 
of GaAs and InP have been overcome with a variation of 
the vertical-gradient-freeze technique ( F i r e  1) 
developed at the AT&T Engineering Research Center in 
Princeton, New Jersey. With the VGF technique, growth 
in low axial- and radial-temperature gradients is com- 
bined with the diameter control imposed by a crucible. 

Figurel. Cross- 
sectional view of ver- 
tical-gradient-free= 
(VGF) crystai-growth 
equipment for gal- 
lium arsenlde (GaAs). 
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The VGF technique uses a monotonically increasing 
temperature gradient to keep the hottest melt at the top 
and, therefore, suppress buoyancydriven convection. 

As reported earlier in this journal3 and else 
where,4 AT&T had developed a process-named the 
Gault process--that has produced state-of-thcart sub 
strates of GaP, GaAs, and Id? Indeed, this production 
process is being used for InP and GaAs at the AT&T 
Microelectronics Reading Works in Reading, Pennsyl- 
vania. Crystals are routinely produced that have defect 
levels one to two orders of magnitude lower than com- 
parable LEC crystals. The VGF crystals have been 
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shown to have a more homogeneous distribution of 
dopants and point defects than seen in LEC 

growth and characterization results for semi-insulating, 
undoped GaAs as well as for n-type, ptype, and semi- 
insulating Inl? The GaAs and InP processes have been 
scaled-up to 75 mm (millimeters) and 63 mm, respective 
ly. In addition, we discuss the development of a vertical, 
multizone, high-pressure heater for the electrodynamic- 
gradient-freeze (EDGF) growth of InP 

This paper describes, in more detail, the specific 

The VGF-GaAs Process 

ware are a microprocessor-based control system, power 
supplies, and a large pressure chamber (Figure 1) that 
contains the heater assembly. 

The heater and the surrounding insulation are 
designed to produce a smooth thermal profile in which 
the temperature increases from the bottom to the top of 
the crystal-growth zone. At the bottom of the heater pack- 
age, a small, separate heater controls the temperature of 
the arsenic (As) reservoir. The GaAs charge is contained 
in the PBN crucible, which also houses a seed crystal at 
the bottom. The growth assembly’s top cap and crucible 
support elements are important to the thermal engineer- 
ing of the temperature gradient. 

At the melting point of the 111-V compounds, the 
equilibrium vapor pressures of the group V elements are 
high and decomposition can occur (Table I). In the 
process for VGF-grown GaAs, the pressure chamber is 
filled with argon (Ar) to facilitate composition control. 
We prevent decomposition and adjust the melt’s arsenic 
concentration by controlling the temperature of a solid ar- 
senic charge at the coldest point in the growth vessel 
Figure 2). 

To balance the pressure between the hot growth 
vessel and the cold-wall pressure chamber, a limited ex- 
change of arsenic vapor and argon is allowed through a 
channel in the top cap. The loss rate of arsenic is slow 
compared to the time required to grow a crystal. 

The major elements of the VGF growth hard- 
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Table 1. Physlcal Propertles of Semlconductors 

Compound 
Property GaAS InP 

Melting point (“C) 1238 1062 

Thermal conductivity at Tm W/cm “C) 0.07 0.09 
Vapor pressure (atmospheres) 0.9 25 

As losses occur, arsenic from the bottom of the growth 
vessel sublimes to maintain the appropriate partial pres- 
sure and stoichiometry of the melt. 

~ r ~ ~ t h  Process. The growth sequence consists of 
a series of temperature “ramps” that are measured by, 
and controlled from, a microprocessor. After the prep 
sure vessel fills to the desired pressure of inert argon 
gas, the arsenic heater temperature is raised to increase 
the arsenic vapor inside the PBN growth vessel. When 
the operating arsenic pressure is established, the 
polycrystalliie GaAs charge is melted. 

To begin solidification, the control temperature 
is decreased, and the liquid-solid interface sweeps u p  
ward through the melt. Crystallization starts at the seed 
in the bottom of the crucible. Because the crucible is 
cooler at the bottom than at the top, the system is ther- 
mally stabilized against convection. Temperature stability 
is critical to control the liquid-solid interface. During 
VGF growth, the temperature deviates less than 0.05”C 
from the desired set-point temperature. The thermal and 
mechanical stability achieved with the process suppres- 
ses striae in VGF crystals. 

After solidification, controlled cooling brings the 
crystal to room temperature at a rate that minimizes ther- 
mal stress and optimizes point-defect quenching. When 
cooled, the GaAs contracts about 1 percent, which is 
greater than the contraction of the PBN crucible. The 
small gap formed between the crystal and the crucible 
wall permits easy removal of the crystal. 

Because of these engineering and process- 
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Flgure 2. Detailed cross section of the growth-vessel a& 
sembly. PBN Is pyrolytlc boron nltrlde. 

control designs, the VGF system has axial-thermal sym- 
metry, low axial- and radial-temperature gradients, and 
slow stable solidification and cooling. These conditions 
have proven important in producing: - Low levels of thermal stress, which result in low dis- 

location densities in the crystal 

- Thermally stable growth that eliminates growth striae - High radial uniformity of the electrical properties 

Figure 3 shows a 75mm diameter, 3-kg (kilograms) 
undoped, GaAs single crystal grown on the <loo> axis 
0rientation.S 

across wafers. 

VGF-GaAs Characterization 
This section describes the characteristics of the 

VGF-grown GaAs crystals. 
Thermal stress and Dislocations. In the VGF system, 

thermal gradients are small, and associated stresses are 
considerably smaller than in LEC-grown crystals. Fig- 
ure 4 shows a dislocationcount distribution for a typical 
VGF wafer. Although the VGF dislocation levels are very 
low, a statistical study of several wafers shows that a sig- 
nificant difference exists between the dislocation levels 
near the edge of the wafer in the <loo> and <11@ axis 
directions (Figure 5a). This difference corresponds to 
the four-fold pattern expected for stressinduced disloca- 
tions, which confkms that some fraction of the disloca- 
tions in the current 75-mm crystals are caused by 
thermal stress. 

Undoped VGF crystals have an average etch-pit 
density (EPD) of 2.5 x 103/cm2 compared to 105/cm2 for 
typical LEC crystals. The EPD average is an average over 
the entire wafer surface with measurements taken on a 5 
mm grid. The data in Figure 5b show that the EPD den- 
sity is uniform throughout the length of an ingot. The 
lowest EPD (the squares in Figure 5b) occurred for a 
crystal that had the slowest growth and cooling rates. 
This indicates that the process parameters can directly 
influence the EPD. 

Electrical Tests and Uniformity. Hall-test reSUlts for 
75mm material show mobilities typically near 7 x 103 
cm2/V-s (square centimeters per volt per second). Sam- 
ples that had carbon concentrations between 2 x 1015/cm3 
and 2 x 1014/cm3 had resistivities between 2 and 
7 x lo7 R c m  (ohmcentimeter). Standard deviations of 
these electrical properties across the <11@ axis diameter 
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Figure 3. A 75mm diameter, 3-kg, GaAs single crystal. 

are 14 percent for resistivity and 9 percent for mobility. 
Figure 6 gives plots of typical values for VGF crystals. 

The semi-insulating nature of undoped GaAs 
depends on the uniformity of a deep level that is intrinsic 
to melt-grown GaAs. This level, which is called EL2, a b  
sorbs infrared (IR) light. F i r e  7 is an IR map of a typi- 
cal EL2 distribution in a VGF wafer. The level of EL2 in 
mgrown 75mm crystals was 0.7 to 1.2 x 1016/cm3. The 
typical variation of EL2 on an asgrown VGF wafer is 
e5 percent. Variations in EL2 concentrations between 
seed and tail have not been observed in VGF crystals. 

GaAs metal-semiconductor fieldeffect transistor 

30 14 14 14 14 11 41 20 61 

58 27 24 35 5 3 13 14 3 24 33 83 55 

41 36 22 11 13 14 11 8 13 19 11 64 27 

100 41 6 3 13 17 28 33 13 2 3 2 14 24 33 

30 28 8 5 5 19 3 14 24 11 6 3 9 9 14 

89 14 16 8 17 0 35 14 19 27 3 13 6 11 52 

42 42 24 36 28 5 14 13 6 24 17 55 20 

I 
c110, 

Figure 4. Etch-pit count map (times 100/cm2) for a typlcai 
GaAs VGF wafer. The average EPD for this wafer Is 
2.7 103/cm2. 

(MESFET) devices fabricated on VGF-grown GaAs 
have shown lower threshold-voltage variation than co- 
processed devices on LEC substrates! 

The VGF-inP Process 
As Table I shows, there are several important dif- 

ferences between InP and GaAs that influence the design 
of the VGF-process conditions: - The melting point of InP is significantly lower, while 

the thermal conductivity is somewhat higher than 
GaAs. As a result, the heat flow patterns will be dif- 
ferent Therefore, the heater's thermal geometry must 
be speciscally tailored for each material to achieve the 
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Figure 5. Plots of etch-plt density (EPD). (a) Average etch 
pit density versus position on clOO> and c l l O >  radii. (b) 
Etch-pk density versus fraction solidified for sixteen 75mm 
semi-insulating VGF-grown GaAs crystals. Connected points 
are measured on the same crystal. The squares represent 
the lowest EPD; this crystal had the dowest growth and 
cooling rates. 

desired planar isotherms. - The equilibrium vapor pressure of phosphorus at the 
melting point of InP is much higher than that of ar- 
senic over GaAs. Besides the engineering require- 
ments to contain this pressure, we must also consider 
the increased convection of the argon gas that occurs 
and a higher level of temperature instability. 

5 q- 
P 4  

-Q- Tail 

*- 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0  
Position on wafer diameter (mm) (b) 

35 

Flgure 6. Redstlvlty and mobility of seed and tail wafers. 

- Because of the higher degree of ionicity in InP and a 
resulting lower stacking-fault en erg^,^ we see a sig- 
nificantly higher incidence of twin formation in InP 
growth than in GaAs growth. The twins are incom- 
patible with subsequent epitaxial processes and must 
be eliminated. For InP crystal growth, it is critical 
that we reduce destabilizing conditions that would 
promote twinning. 
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Figure 7. EL2 varla 
tions for VGF-grown 
GaAs. EL2 levels do 
not depend on melt- 
arsenic concentra 
tlon or position in 
the ingot. 
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Figure 8. Comparison of VGF and EDGF 
techniques; Tm is the melting temperature. 
(a) in the VGF technlque, a singleheater 
zone impresses a monotonically increasing 
temperature gradient over the melt. Power 
to this single zone Is reduced, resulting in 
upward movement of the soiidtfkation 
front. (b) in the EDGF technique, several In- 
dependently controlled heating tones are 
programmed to give a desired temperature 
proflie. A small gradient segment is then 
passed from one zone to the next through 
the otherwise isothermal melt. 

VGF n EDGF 

/j--- v - - -- -fl 
Tm 

Temperature, T ("C) 

(a) 

Tm 
Temperature, T ("C) 

(b) . 
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1 cm 

flgure 9. This series 
of c l l b  axls, 
seeded, slngle crys- 
tals shows the 
progress achieved In 
scaling up the VGF 
process for InP 
(a) The flrst VGF- 
grown InP crystal, 50- 
mm diameter, 0.75 
kg: (b) a 50mm 
dlameter, 1-kg crys- 
tal: (c) current capa 
blllty Is a 63-mm 
dlameter, 1.7-kg crys- 
tal. In all cases, the 
last-tefreeze portlon 
remains singlecrystal- 

phase Incluslons. 
Ilne, with no second- 37 

Flgure 10. Infrared transmission strlagraph 
of the seed end of a VGF-grown, sulfur- 
doped InP crystal. The striatlons result 
from dlfferentlal dopant Incorporation 
during VGF growth. 
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Flgure11. Four 
clOO> axis, sulfur- 
doped InP wafers 
after polishing and a 
defect-reveallng 
etch. Wafers a and b 
are VGF-grown 
material with carder 
concentratbns of 
2 x 1d8/cm3 and 

spectlvely. Wafers c 
and d are LECgrown 
material wtth carder 
concentratbns of 
3 x ld8/cm3 and 

respectively. 

3x1+7/cm3, 

5 1d8icm3, 

38 
In addition to the equipment described above 

that is used for the VGF growth of GaAs and InP, we 
have developed a high-pressure, multizone, vertical 
electrodynamic-gradient-freeze apparatus for In€? Fig- 
ure 8 is a schematic of the thermal profile used in the 
VGF and EDGF techniques. Both techniques employ 
very low thermal gradients. 

presses a monotonicaJly increasing temperature over the 
charge material; for crystal growth, we gradually reduce 
power to the heater. In the EDGF technique, several inde- 
pendently controlled heating zones are programmed to 
impress a temperature profile over the charge material. A 
small gradient-segment is then passed from one zone to 
the next through the otherwise nearly isothermal melt. 
Although the EDGF technique has been used as a re- 
search tool to complement the VGF process, the EDGF 
technique also grows 50-mm diameter, highquality, InP 
crystalsag 

Initial VGF-InP development work occurred for 
Moped crystals at the 0.75kg, 50-mm diameter size. 

In the VGF technique, a single heater zone im- 

Since implementation of the h t  VGF manufacturing 
process at AT&"% Reading Works, the size of the Moped 
crystals v ie  9) has been steadily increased. F i e  9c 
shows the current crystal size of 1.7 kg and Bmm 
diameter. This scaleup has been successful because of en- 
hanced control of the melt composition and growth rate. 

VGF-lnP Characterlzatlon 
This section describes the characteristics of the 

VGF-grown InP crystals. 
Surnraped Indium phoclph#e. Figure 10 shows the 

growth striations at the seed end of a sulfurdoped VGF- 
InP crystal. These striations map the shape of the liquid- 
solid interface as growth progresses. The growth 
isotherms are nearly planar. 

Withii AT&T, the most important application for 
InP continues to be n-type, sulfurdoped substrates for 
photonic applications. Substrate requirements for specisc 
devices generally include: uniformly low dislocation 
levels, absence of crystallographic slip, low freecarrier 
absorption, low level of grown-in strain, and homogeneity 
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of dopant incorporation. 

and low dislocation levels without having to use high 
doping levels and lattice hardening. Figure 11 shows 
four <loo> axis, VGF- and LEGgrown sulfurdoped InP 
(SInP) wafers that have been polished and subjected to 
a defect-revealing etch. The crystals were grown with 
doping levels both above and below the threshold for lat- 
tice hardening. The LEC wafer with lower doping (Fig- 
ure llc) has extensive slip and high levels of dislocation. 
Even the highly doped LEC wafer Figure l ld) has ex- 
tensive peripheral defect levels that must be trimmed. In 
comparison, the VGF material (Figures 1 la  and 1 lb) 
shows very low defect levels and no slip at either level of 
doping. This low defect level and absence of slip has been 
maintained as the crystal sizes increased from 50 mm to 
63 mm in diameter. In both crystal sizes, the average dig 
location density is less than 103/cm2, more than an order 
of magnitude less than comparable LEC material. 

graphs of an LEGgrown and a VGF-grown sulfurdoped 
InP wafer and shows dislocation tangles inside the bulk 

VGF crystals exhibit low absorption coefficients 

Flgure 12 displays transmission X-ray t o p  

Flgure 12. Transmls- 
don X-ray topographs 
of (a) VGF- and (b) 
LECgrown sulfur- 
doped InP. Dls loca  
tlon tangles In the 
LEC materlal are IndC 
cated by the arrow. 
The marker (In the 
upper left of each 
topograph) repre 
sents 2 mm. 

LEC wafer. The highly concave dopant striations are also 
visible for LEC material (Fiire 12b). As we can see, the 
VGF material ( F i i r e  12a) is free of dislocations, and the 
weaker striations are nearly planar. 

%mi-Insulating Indium Phorphidr. The most common 
way to make semi-insulating InP is to use an iron (Fe) 
dopant Iron acts as a deep acceptor to compensate 
(counter balance) the residual donors that are always 
present in “undoped” InF! The iron acts as a deep trap for 
the residual electrons, thus increasing the resistivity of 
the material to the level of lo7 Ran. 

resistivity for three different iron concentrations in I* 
as a function of the fraction of the charge that has 
solidified. The addition of more than O.O%wt-% (weight 
percent) iron is necessary to obtain high resistivity 
(greater than lo7 R-cm from seed to tail). Because the 
solubility of iron in the InP matrix is relatively low, lattice 
hardening is not a factor. Consequently, LEC-grown iron- 
doped InP has been characterized by defect densities 
that range from 10”/cm2 to 105/cm2. 
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Figure 13 plots the dependence of substrate 

LEC- and EDGF-grown <loo> axis wafers have 
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been polished and etched to reveal defects (Figure 14). 
Both VGF and EDGF have consistently grown crystals 
with an EPD of less than 2 x 10?/cm2 from the seed end 
to the tail end. This is considerably lower than the LEC 
results. 

Zlnc-Doped Indium Phosphide. High-quality, p@pe 
substrates have been used to make high-power hetero- 
structure injection lasers and radiation-resistant photo- 
voltaic cells. Zinc is the most commonly used dopant to 
produce p-type InP crystals. At Zn concentrations above 
1 x 1018/cm3, dislocations are reduced through lattice 
hardening. But anomalous dopant-diffusion behavior, in- 
creased twinning during growth, and high free-carrier 
absorption have all been observed with heavily doped, 

Figure 13. Roomtemperature Hall measurements of bulk 
resistivity as a function of mass fraction solidined for three 
InP single crystals with 0.02,0.03, and 0.06 wt-% Fe, 

40 respectively. 
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Figure 14. iron- I 
doped, seml-lnsuiat- 
ing InP, c l W >  axis 
wafers grown by the 
(a) EDGF and (b) LEC 
techniques. The 
EDGF wafer has 
defect levels below 
103/cm2, except for 
the tall end where 
the onset of FeP2 
precipitates raise the 
defect level. The 
defect level in the 
LEC wafer ranges 
from 104/cm2 to 
105/cm2. 
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LEC-grown zincdoped InP (2n:InP). 
Figure 15 shows an EPD map of a high-quality, 

EDGF-grown, 50-mm diameter, <11b axis, round wafer. 
Defect levels were measured at the nodes of a 5mm 
square grid. More than 60 percent of the wafer has an 
EPD of less than 1@/cm2, and the average defect density 
ranges from 8 x 102/cm2 to 12 x 102/cm2 for Zn-doping 
levels between 1 to 5 x lOI7/cm3. This is an order of mag- 
nitude lower than comparable LEC-grown material. 

Summary 
To improve the quality of bulk 111-V substrates, a 

team of engineers and scientists at AT&T has developed 
a vertical-gradient-freeze process. The VGF process is 
being used at AT&T's Reading Works to manufacture 

Flgure 15. Dlsloca 
tlon map for a 50-mm 
dlameter, 43.b 
axls, 2n:lnP slngle 
crystal wafer with 
a net freecarrier 
concentration 
(NO - NA) equal to 
5 x 1 0 ~ ~ / ~ ~ ~ .  The 
EPD counts were 
taken at the nodes of 
a 5mm grld. More 
than 80 percent of 
the area has an EPD 
of less than 103/cm2. 
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highquality GaAs and InP crystals. The major quality 
features of VGF crystals relate to very low crystalline- 
defect levels and very uniform properties within a cry% 
tal. Yields compare favorably with other commercial 
cr ystal-growth processes. 
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