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SUMMARY

The physical and electrical properties of GaAs show it to be an
important semiconductor material for use in advanced military electronic
systems. However, millimeter wave and high speed IC device development
has been slowed due, in part, to poor and unpredictable quality semi- J
insulating substrate material. A modification of the liquid encapsulated
Czochralski pressure-assisted growth process has been developed which
employs in situ compounding of GaAs from its elements. This process, first
demonstrated in the U.S. by ET&DL, consistently yields high resistivity
(to 10% ohm-cm) GaAs without the intentional addition of charge compensators.
Transport property determinations by mixed conduction analysis indicate the
material has electron mobilities higher than Cr-doped material and Fermi
levels which are nearly intrinsic.

The one step technique for "in situ'" liquid encapsulated compounding
and Czochralski growth of GaAs is believed to be the best approach to solv- !
ing the current problems associated with semi-insulating substrate fabrica-
tion. Various semiconductor material and device manufactures such as Varian
Associates, Westinghouse, Hughes, Rockwell, Microwave Associates and Metals
Research have purchased equipment to grow semi-insulating GaAs by this
technique ), Indeed, this approach is now becoming the basis for U.S.
volume production of large diameter, high quality, semi~insulating GaAs
material.
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INTRODUCTION

A wide variety of semiconductor devices employing gallium arsenide
«GaAs) is currently under development by the military for use in advanced
communication, surveillan_e, and target acquisition systems. GaAs, a com-—
pound semiconductor exhipiting a large energy bandgap (1.4eV), is character-
ized by a high intrincic electron mobility (8600 cm2V-lgsec™l @ 300°K) and
resistivity (>lO8 ohm-cm). The low-field electron mobility of GaAs is one
of its greatest atcributes and uffers high frequency operation in devices
such as the fiely effect transistor (FET). Coupled with the material's high
peak velocity and low threshold field, GaAs integrated circuit (IC) devices
offer a tws to six-time speed improvement over their silicon counterparts.
When comrared with standard silicon IC technology, the process steps for GaAs
ICs are relatively simple and few in number. As a result of these advantages,
tne rechnology of manufacturing high performance GaAs devices is maturing at
a rapid rate. Thus, it is not surprising to find these devices experiencing
a greatly expanding role in oscillator, mixer, logic element, power ampli -
fication, and low noise/high gain applications. However, the full potential
and low-cost manufacture of GaAs devices has yet to be realized, partly due
to material problems experienced by substrate suppliers and device manufac-
turers.

It is commonly held by major GaAs device manufacturers that the quality
of semi-insulating substrates is one of the barriers to obtaining reliable,
reproducible, high-performance devices. In addition, because the quality of
commercially available semi-insulating GaAs substrates is highly variable,
extensive material qualification tests are required before substrates are
accepted for device fabrication. It has been shown that chromium (Cr), which
is used to compeunsate native impurities and produce high resistivity in GaAs,
redistributes during thermal processing(l’zag), whether during a subsequent
epitaxial process or a high temperature ion-implantation anneal procedure.
Typically, the Cr depletes from a region one or two microns deep and migrates
to the surface where it occupies a region about 400 X thick. The most serious
consequence of this distribution is that the depletion of Cr can uncompensate
somc of the native donor impurities existing in the Cr-depleted region, re-
sulting in excess uncontrolled n-type activation and significant changes in
device characteristics and reliability. In addition to this "surface con-
version' problem, fast diffusing deep-level acceptors, carbon-arsenic vacancy
complexes and diffusing deep-level impurities are still observed as a result
of process-induced substituents.

In order to minimize the effect of substrate imperfections on devices
fabricated by epitaxy, one usually grows a high quality buffer layer to
isolate the device from the substrate. However, the epitaxial approach has
two major drawbacks: cost,and difficulty in achieving the required thickness
and uniformity. Althoughk ion-implantation reduces the cost of active layer
fabrication, the important properties of the implanted layers, such as
mobility and doping profile, can be significantly affected by substrate
characteristics. 1In addition, inter-device leakage hecomes a problem if Cr
redistribution causes a thin conducting layer to form on the CaAs surface
during the high temperature implant annea! procedure.

The alternative soluticn to these problems is to improve the quality of
substrate material through tue reduct o of impuritv and defect levels and/or
the elimination of charge compensators such as Cr.  Such is the objective of
our research program. |




CRYSTAL GROWTH

The technology involved in the growth of GaAs is considerably more
complicated than that employed for silicon, for one is dealing with more
complicated binary phase equilibria and a highly volatile component - arsenic,
Precise control of the As vapor pressure in the chosen growth system is re-
quired in order to maintain exact stoichiometry of the GaAs compound during
the growth process so as to achieve high mobility and crystal perfection.

The bulk compound is normally formed by the reaction of As vapor with
Ga metal at elevated temperatures in sealed quartz ampoules as shown in
Figure 1. Typically, an As reservoir contained at one end of the ampoule is
heated to 600°C. This generates approximately 1 atm of As vapor pressure in
the system, a prerequisite for obtaining stoichiometric GaAs (4). The As
vapor reacts with the Ga metal maintained at approximately 1260°C and located
at the other end of the ampoule in a quartz boat. After the Ga has been
completely reacted, single crystal growth may be initiated by programmed
cooling (gradient freeze) or by physically moving either the ampoule or fur-
nace to provide proper temperature gradients for growth (horizontal Bridg-
man), Most major commercial GaAs material suppliers to date use either of
these processing techniques. Crystals prepared by this technique have a
"half moon" or "D" shaped cross-section and, therefore, cause considerable
waste in IC processing where the required shape is a circular disk.

Another approach to the commercial production of bulk GaAs which is
gaining favor is the liquid encapsulated Czochralski technique (LEC CZ).
Metz et al (5) first described the use of an encapsulant to suppress the loss
of a volatile component from a melt. Mullin et al (6) used this method for
the growth of InAs and GaAs from stoichiometric melts. In this method, shown
in Figure 2, the vaporization of As from molton GaAs is inhibited by placing
a layer of non-reactive encapsulant (e.g., B203) on the melt surface. An
inert gas pressure which is higher than the As vapor pressure is then main-
tained over the molten B203 layer. A rotating seed crystal contacting the
molten GaAs is then slowly withdrawn through the liquid encapsulant while the
temperature is regulated to obtain the desired diameter crystal. The advan-
tage of the LEC CZ technique is the ability to prepare large diameter crystals
in arelatively short period of time. However, the GaAs polycrystalline source
material used in this technique, from which the crystal is pulled, is normally
compounded in quartz ampoules. The use of quartz as a container for Ga, As,
and molten GaAs, or as a reaction vessel, can lead to appreciable silicon
contamination (7). Since silicon can act as a shallow donor or acceptor in
GaAs (8), chromium, a deep-level acceptor and/or oxygen, a deep-level donor,
must be deliberately added in order to compensate the GaAs, thereby making
it semi-insulating (>108 ohm-cm) .

A second drawback to the conventional LEC CZ technique is its separate
two-step process - compounding and subsequent crystal growth, Because of
this increased handling, more impurities can be introduced than those ob-
tained in the horizontal Bridgman process. The in situ LEC compounding/
Czochralski growth process we describe for growing semi-insulating GaAs
incorporates both steps and eliminates all dependence on quartz components,
thereby reducing or eliminating the requirement for chromium compensation.
This is accomplished by reacting elemental gallium and arsenic under a
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molten encapsulant in pyrolytic boron nitride (PBN) crucibles at nitrogen

pressures to 100 atm, A specially designed high pressure Czochralski
crystal pulling system, Varian model HPCZ, was used for maintaining the

nitrogen gas ambient and for growing the bulk GaAs (see Fig. 3). This

system contains provision for the following: rotation of the crystal and/or

crucible, raising and lowering of the crystal and/or crucible, remote control
of temperature, gas flow, pulling and rotation rates; TV process monitoring,

cryo fore~pumping, vac~ion pumping to 10-5 torr, and hydraulic lifting of the

chamber. It is designed for operation at pressures to 135 atm with neutral,
oxidizing or reducing ambients.

The in situ LEC compounding and Czochralski growth of GaAs was carried
out in the following manner. The PBN crucibles were etched in HCIl, rinsed
with de-ionized water followed by methanol, and then vacuum dried overnight
at 200°C. The crucibles were then loaded with stoichiometric quantities of
high~purity gallium and arsenic. A dehydrated pellet of boron oxide encap-
sulant was placed on top of the charge and the entire assembly centered with-
in a tantalum or graphite susceptor in the Czochralski pulling chamber as
shown in Fig. 4.

It was found that if the boron oxide encapsulant contained an excessive
amount of moisture, bubbles continuously formed at the melt/encapsulant
interface. These bubbles subsequently rose to the surface releasing arsenic
which, in turn, led to nonstoichiometric melts and resultant twinning of the
crystals. An oil-free, high-vacuum baking system was constructed to further
dehydrate the pellets. Heating the boron oxide to approximately 1000°C at
10~/ torr in induction heated platinum/gold crucibles was found to give
satisfactory results.

After the growth station was established (susceptor, crucible, gallium,
arsenig, boron oxide, etc.) and the chamber closed, the system was evacuated
to 1072 torr. The charge was then slowly heated to 325°C to remove residual
molsture and volatile gallium/arsenic oxides. If the temperature exceeded
325°C, significant amounts of arsenic were lost by volatilization prior to
compounding. After several hours, the system was then backfilled with high-
purity nitrogen gas to 3.0 atm and the temperature increased to 450°0C.
During this step, the boron oxide melted and flowed into the voids. The
pressure in the pulling chamber was then increased to 60 atm. As the temper-
ature was slowly increased, the compounding reaction, accompanied by a rapid
temperature rise as the crucible approached 700°C, could be observed on the
TV monitor.

Single crystals of GaAs were grown from the in situ compounded material
by the LEC CZ technique as previously shown in Fig. 2. All crystals were
grown in the <111>-B direction with nitrogen gas pressures of 1.0 to 20.0 atm
and pulling rates of 1.0 to 2.0 cm/hr. Both concurrent and countercurrent

rotation of crucible and crystal were used at rates of 5 and 153 rpm respec-
tively; the concurrent rotation producing a more convex interface.

ELECTRICAL MEASUREMENTS

The measurements of resistivity, Hall mobility and Hall coefficient were
performed using the van der Pauw method(%). This technique is most advan-
tageous in that only four contacts are required and only the sample thickness
need be known. In this work, the conventional "clover-shaped” sample
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geometry is replaced by an equivalent "Greek cross' structure (10) (see
Fig. 5). The actual GaAs structures are produced using an ultra-sonic
milliny machine.

The resistivity, o, in ohm-cm is given by

_ ot RAQJCD + RBCJDA .
Y7 1n2 2 ’
D (
where Ryp,cp = |vcnb/&AB A B
Figure 5 Sample geometry.
and Rec,pa ~ IVDAI/IBC

are in units of ohms, t is the sample thickness in centimeters, and F is the
van der Pauw factor, which is a dimensionless quantity dependent only upon

i i i ion
the ratio of RAB,CD/RBC,DA’ and is defined by the transcendental equat

-1
1n2. RAB,CD/RBCLPA

1n2/F
F R 7R ) €
AB,CD’ ®BC,DA

-4

cosh

The Hall coefficient, RH’ in cm3/coulomb is calculated from

8

= 0
Ry T%T bRyc, gp™t

where B is the applied magnetic field in gauss and ARAC D is the change in
resistance when the magnetic field is applied perpend1cﬁ§ar to the sample,
i.e.,

v =
gp | BB

AR = —
ac,BD T T, | oo

2 -

The Hall mobility, by, in cm volt 'sec™! is given by hy T IRHU/D .

The disadvantage of the van der Pauw method is that two resistances
(RA C and R ) must be measured, requiring that voltage and current
1ea§é ge changed. In addition, good experimental practice dictates that
leads be reversed and switched in order to compensate for contact resist-
ances and potentials, rectifying effects and thermal emfs. Thus, in the
collection of van der Pauw transport data, eight configurations are used
for resistivity measurement (Fig. 6 (a)-(h)), and eight for mobility
measurement (Fig. 6 (i)-(p)).

—J"""""""""'llllllllIllllllllllIllllllllllllllllllll|.|..................z,.’l‘

.

P Y




ﬂ . TR T T ———— ” - aramar

ud10133902 T1BH (d)-~(T)
£31A1381831 (Y)~(®)

:elep jiodsuval mneg 1ap uea doJ uorjean8rjuod ardues g 2an31jg

I
A@ ©) EM } — Evg
ZA BA
BA A IA 1A
. 0 @
BA|
A
(3 ?m
iA BA
o) m
7.3 7.3

H
.

)

H
x

()
zA
7

(P) @ w A

IA
zA
(Q) (
A s
A 1A




The switching of current and voltage leads, and the reversing thereof,
are accomplished by the arrangement shown in Fig. 7U1) | The sample is con-
tained in a fully shielded and evacuated chamber (Fig. 8) and is connected
to four electrometers by triaxial cable, the inner shield of which is driven
by the output of each electrometer. Shielded coaxial reed relays provide
the required lead switching to generate the various circuit configuration of
Fig. 6. The result is a fully guarded system capable of measuring samples
having up to 1012 ohms resistance with a minimum of noise and settling time.

Because of the large number of measurements necessary and the large
number of samples investigated, the guarded van der Pauw system of Fig. 7
was automated whereby all switching of leads and electrometers, measurement
of current and voltage, and calculation of parameters are accomplished under !
the control of a programmable calculator (Fig. 9). The system is presently i
under expansion to provide for automatic magnetic field selection and
temperature control.

MIXED CONDUCTION ANALYSIS

When one carrier type dominates the conduction process, simple Hall

coefficient and resistivity measurements at low magnetic fields provide
values of carrier concentration and mobility. Semi-insulating GaAs, however,

exhibits mixed conduction; i.e., conduction by both holes and electrons.
This complication requires additional information - in particular, the

magnetic field dependence of both Hall coefficient and resistivity - in order
to permit resolution of the independent carrier properties.

The total Hall coefficient is given by

2 2 22 2
0% +Rpcp +Ranonop(‘Rn +RP)B 1)

2 2 2 2.2
(on+ cp) -+onop (Rn + Rp) B

R =

and the total conductivity by

(o + 0 )Z + 0202 (R +R )282
o = n P np n P
2.2 .2 2 2.2
B
on(l + Rpop ) + op(l + RnonB )

where the subscripts n and p indicate the contribution due to electrons and
holes, respectively, and B is the magnetic field(lz)

Defining the intermediate functions(13)

2
o o (o R - o R)
n p nn PP

A=
M z(mn-+ap)2

o2 2 (4R
n p n p
Y= 2 2
o (v‘n +ﬂp)
10
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o] 20 2R R (R 4R )
7 <-_N _p np n p
2¢, 2 2
o

R +o0 R)
n n n P p

u

equat ions (1) and (2) can be rewritten as

R =R [1 _(x : z) ég] (3)
o
0
i + 0y = u2X = (4)
2 n n Ap
B
where R is the resistivity at zero magnetic field, Ap = p(B) - 0y and is

called the magneto-resistivity, and R_ is the Hall coefficient (equation (1))
at zero magnetic field. Varying the magnetic field from 0 to 18kG and plot-
ting equations (3) and (4) yields curves (a) and (b) as shown.

RO_J
(a) 1
R BZ
0 2
0 AO/DO B' Un oY

Curve (a) gives the intercepts R0 and B =X/(Y+2Z), whereas curve (b) vields

the slope §. = unzx, intercept - unzY and crossover point Y/X.

Letting:
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where o = rn/r) and is the ratio of scattering factors and assumed to be
unitv, then tht individual carrier properties can be calculated from:

electron mobility = . = - (-R3)007 cmzvolt_lsec-l,
a - b p

hole mobility = by = un/b cmzvolt-lsec—l,

hole concentration = p = —%— |, — @,

electron concentration

I
o]
I
0
T
o
E]
v

. )
intrinsic carrier concentration = n,Z = (np) cm T,

TR

{n addition, the Fermi level can be calculated from

EC - EF - len(Nc/n)’

where NU is the effective density of states in the conduction band.

An indication of the accuracy of this mixed conduction analysis is given
by the linearity of equations (3) and (4) and the sim%larity of the calculated
value of n, to its theoretical value of 1.5 x 10® em™3. (13) The analysis
ignores the magnetic field dependence of single carrier effects, i.e., it is
assumed that %n,p # %n,p (8) and Rn,p’*Rn, (B). Recent consideration of
single carrier effects indicates they may ge of importance and that some
modification of the foregoing analysis may be warranted (14, 15).

Table 1 compares the electrical properties of undoped GaAs grown by the
ET&DL. process to chromium doped substrates from other sources. Although the
resistivity is slightly lower, the ET&DL material has one of the highest
electron and Hall mobilities, nearly equal carrier concentration and a Fermi
energy level nearly intrinsic. Recent growths have resulted in material with
resistivities of 0.62x109 ohm~cm.
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