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Abstract

An extensive evaluation of the Mellen "EDG" furnace has been conducted
in order to assess its perfbrmance for growth of large diameter (2 and 3")
GaAs crystals in the horizontal configuration. The axial and radial
temperature gradients were found to influence strongly the crystal-melt
interface shape and crystalline perfection of the crystals. When the
axial thermal gradients are small relative to the radial thermal
gradients, the shape of the crystal-melt interface fluctuates in time as
growth proceeds, indicating the presence of oscillatory convective flows
in the melt. The crystal-melt interface becomes stable as the axial
component of the thermal gradient over the solid is increased. The
crystals produced with optimized gradient conditions 'have a low and

uniform dislocation density.



1. Introduction

It 1is remarkable that the simple design of the furnaces used by
Bridgmah [1] and Stockbarger [2] in 1925 and 1938, respectively, are still
in use for many crystal growth applications. For the growth of GaAs
crystals which exhibit a high dissociation vapor pressufe, numerous
modifications of the basic furnace design have been proposed and
successfully implemented [i.e. 3,4]. A horizonta]vconfiguration, used to
prevent excessive strain between the crucible and the crystal, represents
one of these modifications. Most new designs make use of multi-zone
furnaces, because a zone kept at a lower temperature than the melting
point of GaAs is required to control independently the arsenic vapor
pressure in the growth ampule which, in turn, affects the stoichiometries
of melt and solid.

Commercially available since 1978, the Mellen "Electro-Dynamic
Gradient (EDG) furnace, was designed with narrow heating zones which are
used to shape the axial temperature gradient along the axis of .the
furnace. £Each zone is independently microprocessor—cohtro]1ed so that the
axial temperature profile can be translated or modified in time as growth
proceeds in a gradient freeze manner without motion of either the crucible
or the furnace. Tﬁe design of this furnace has been described in detail
by Parsey and Thiel [5].

The purposé of this paper 1is to present the major results of an
extensive study of the thermal environment provided by this furnace for

growth of GaAs and to assess the furnace performance for growth of GaAs.

2. Experimental

Figure 1 is a schematic of the 5 1/8" I.D., "EDG" furnace used for
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this study. It consists of the following parts:

the Tow temperature zone: 15" long including four independently

controlled zones of 6, 3, 3, and 3" lengths

- the radial loss section: 14" long without power input

- the EDG section: 18" 1long including ten 1" and four 2"

independently controlled zones

- the high temperature zone: 8" long, including two independently

controlied zones, 2 and 6" long.

Two sets of thermocouples were used. The_ first set is used for
control and monitoring of each independent zone (No. 1 through 20 in
figure 1). Their normal position is in contact with the growth ampoule.
The second set (No. A through J) is used for temperature measurements
along the radius (top) of the EDG section and their position can be variéd
from close to the heating elements down to the center of the growth
chamber. The quartz ampou]é shown in figure 1 (57 mm I.D.) has been

specifically designed with small quartz tubes (1.5 mm I.D.), one inch

.apart, which extends to the center of the ampoule. Small measurement

thermocouples can be inserted in these tubes in order to record the
temperature just 2 mm above the melt.

We used sand-blasted quartz crucibles, 5 cm in diameter, for growth of
<111> crystals about 25 cm long. The crucib]es have a 5 cm long, 1 cm
1.D. seed well and a cone angle of about 17°.

A typical thermal pfofi]e for growth of GaAs that makes use of the
flexible control system of the EDG furnace is shown in figure 2. In all
of the experiments presented here the low temperature zone that controlled
the arsenié source .temperature was kept at 617°C. Various "flat"

temperatures were used for the profiles imposed in the EDG section. The



-4 -
high temperature buffer zone was kept at 1245°C. The furnace was water

cooled with a flow of about 1 liter/minute.
3. Results

3.1. Axial and radial thermal gradients

By simultaneously recording of the output of 30 thermocouples,
positioned as shown in fig. 1, we were able to follow in time the motion
of the temperature profiles during both simulated (no 1load) and real
growth runs. The limited amount of space for this pub]itation does not
allow for a presentation of all the relevant data. We report only on a
few profiles obtained during real growth runs that we believe are most
representative of the overall furnace performance.

Figure 3 shows two temperature programs. The programs were written to
translate temperature gradients of 10°C/cm.and 2.8°C/cm over 2.5 cm on the
crystal side and on the melt side, respectively, of the crystal-melt
interface. The translation rate was 4 mm/hr. In the first program, the
"flat" temperature was 1188°C. Curves a, b and ¢ show that program at
different times during the run. In the second program, shown at a later
time during the run, the “flat" temperature was 1100°C. For each run, we
monitored the actual temperature on the ampoule given by the control
thermocbup]es and the temperature inside the ampoule, about 2 mm above the
crystal and melt surfaces. The results (figure 4) show strong heat flow
from the high temperature iones toward the radial Tloss section. Sharp
angles in the temperature profiles are not maintained. The actual axial
gradient, measured above the crysta1-me1ﬁ interface inside the ampoule,

are shallower than those programmed. As growth proceeds, the axial
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gradient decreases. Better tracking is obtained by ]owerihg the “flat"
temperature. Differences between the temperatures obtained from each set
of ‘Ehermocouples (5 to 14 and A to H) provides information on the
magnitude of radial gradients along the furnace. The values of both axial
and radial gradients, corresponding to figures 3 and 4, are summarized in
Table I. When the axial gradient is about equal to the radial gradient
above the melt, single crystal growth cannot be sustained. In this case,
grains of random orientations nucleate on top of the melt and propagate

toward the bottom of the crucible following the interface curvature.

3.2 Growth interface shape and convective flows.

Striations revealed by photoetching [6] have been used to investigate
the growth interface morphology. In a horizontal growth configuration,
the interface shape is mainly determined by the convective flows in the
melt which, for high Rayleigh numbers (Ra25x103), exhibit
three=dimensional velocity components. Crochet et al. [7] have calculated
such growth interface shapes by numerical simulation of horizontal
Bridgman growth of GaAs. In order to adequately compare their theoretical
results with experiments, a crucible without seed well and with a
length-to-radius ratio of 6 was used. This design is a simplified growth
geometry whose axial cross-section is equivalent to that used in Crochet's
calculations. The crystal featured in figure 5(a) was grown with the
“flat" temperature at 1188°C according to the program shown in figure 3,
curves a, b, and c. The interface morphology is very similar to that
calculated by Crochet et al. It shows that the shape of the crystal-melt
interface fluctuates in time as growth proceeds, confirming the presence

of oscillatory convective flows in the melt. It was also found that the
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crystal-melt interface becomes stab]e. as the axial component of the
thermal gradient over the solid is increased and/or the radial component
is decreased. An indirect way to reduce radial gradienté is to position
the melt centered with respect to the furnace axis. In a "normal"
position, shown in figure 1, the top of the melt is at the level of the
center axis of the furnace. Parsey et al. [5] found that lowering the
flow of water used as coolant on the outside of the furnace, reduces the
radial temperature grqdients. Their findings have not been explored in
the present study. It is important to note, as pointed out by Carruthers
[8], that the flows and temperature distribution depend essentially upon
the Grashof (Gr) number which indicates the relative importance of
buoyancy driven forces with respect to viscous forces since the Prandtl
(Pr) number is in fact an intrinsic property of the material and cannot be
altered by changes in the growth parameters (Pr=v/x, where v is the
kinematic viscosity and « the thermal diffusivity). According'to [7] the
critical value of Rayleigh number above which instabilities occur is about
5x103 (Ra=Gr.Pr) for a 4x1 horizontal geometry. Table II shows Grashof

numbers calculated for various temperature gradients and melt height.

These values were computed using the recent viscosity measurements by -

Kakimoto et al. [9] and the other parameters are from Jordan [10]. Table
II, clearly indicates that unsteady periodic flows in deep melt can only be
avoided if temperature gradients above the melt are as small as possible.
The higher the Grashof number, the more stringent this requirement is.
This was confirmed by our growth experiments since it was found that
stable interfaces are obtained not only when radial gradients are reduced

but a1$o when the average temperature of the melt is decreased.
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3.3. Arsenic source temperature and crystal perfection.

Due "to end effects that influence the control of the first low
temperature zone, the arsenic source temperature is best controlled with a
thermocouple in contact with the end of the ampoule rather than in
alignment with the other control thermocouples (éee figure 1). The
control parameters must then be adjusted to take into account the large
distance that separates the thermocouple from the heating element. The
arsenic source temperature (TAS) was found by Parsey et al. [11] to have
a strong influence on the structural perfection of the crystals. A
minimum in dislocation density was reached for TAS=617°C. For our 5 and
7.5 cm diameter crystals, we observed the same phenomenon also for
T,s=617°C, however, the minimum is at about 2,000 to 5,000 dislocations
cm'2, (down from over 10,000 cm'2 at TAS=620°C), while for small
diameter crystals, Parsey et al. found that minimum at TJess than 500

2

dislocations cm . A crystal representative of those grown during this

study in the "EDG" furnace is shown in figure 6.
4, Conclusions

The "EDG" furnace operated in a horizontal configuration has been used
successfully for growth of 2" GaAs single crystals. It provides
reproducible growth conditions and allows the operator to shape the
temperature profile to fit its specific needs. In the conffgurétion that
we used, axial temperature gradients are limited to Tless than 10°C/cm.
For growth of GaAs, we operate at the upper limit of the. heating element
ratings. We found evidence of oscillatory flows and unstable growth

interface for growth conditions yielding high Grashof number. Single
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crystallinity cannot be sustained when the radial and qxia] components of
the thermal gradients at the .growth interface are about equivalent.
Crystalline perfection is improved by: |

- increasing the axial temperéture gradient over the solid
- decreasing the radial temperature gradient over the melt

- maintaining the arsenic source temperature to a constant value of

617°C.
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TABLE I. Axial temperature gradients on the solid side

of the growth interface and maximum radial temperature

gradients above the melt, corresponding to figures 3 and 4.

A1l values are given in °C cm L.
Profile identification | Programmed | Measured values [Measured values | Maximum
values on ampoule inside ampoule | radial
gradient
“flat" at 1188°C (a) 10 10 6 2.1
"flat" at 1188°C (b) 10 7 3 2.5
"flat" at 1188°C (c) 10 10 4 2.1
“flat" at 1100°C 10 10 7 1.1

<
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TABLE II. Computation of Grashof numbers for various femperature

differences across the melt and melt heights (Gr=gg hd a7 v'z,
whé?e B is the coefficient of thermal expansion, g the acceleration of
gravity, h the melt height, AT the difference in temperature between
the cold and the hot end of the melt and v the kinematic viscosity).
The heavy line delineates the critical Grashof values for oscillatory
flows. The bottom line indicates the corresponding maximum axial

thermal gradients for stabilization of the convective flows in a 4xl

geometry.

Crystal diameter (cm) 2.5 5 7.5 10
h(cm) 1.25 2.5 3.75 5
AT(°C)
1 3.1x102 | 2.5x103 8.3x1037 2.0x10%
3 9.3x102 | 7.4x103 J 2.5x10% | s5.9x10%
5 1.5x103 [ 1.2x10% | a.2x10% | 9.9x10%
10 3.1x103 | 2.5x10% | s8.3x10* | 2.0x10°
15 a.6x103 | 3.7x10% | 1.2x10® | 3.0x10°
20 6.2x10° | 4.9x10% | 1.7x10° | 4.0x10°
25 7.7x10%3 | 6.2x10* | 2.1x10° | 4.9x10°
30 9.3x103 | 7.4x10® | 2.5x10° | 5.9x10°
Maximum axial |
temperature gradients 6.45 0.4 0.08 0.025
(°C em-1)
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Figure captions

Fig. 1
Fig. 2

Fig. 3
Fig. 4

Fig. 5

Fig. 6

Schematic of the "EDG" furnace used in this study.

Typical temperature profile for growth of GaAs in the "EDG"
furnace.

Programmed temperature profiles for tests of the "EDG" fuknace.
Measured temperature profiles while using the programs shown in
figure 3. The figure shows two sets of measurements for each
profile: solid dots (®) are measurements on top of the ampoule,
thermocouples 5 to 14, and open triangles (a) are measurements
inside the ampoule during the growth run. Long dashes are profile
(a), short dashes profile (b) and solid lines profile (c) and
"flat" at 1100°C.

(a) Growth interface shape of a crystal grown 1in a crucible
without seed well and with a length-to-radius ratio of 6 (6xl
geometry);

(b) Interface shape calculated by Crochet et al [7] for a 6xl
geometry; Gr = 2x106

(c) Isotherms calculated by Crochet et al. [7] for a 4xl geometry;
Gr = 3x10°,

Example of 5 cm diameter crystal grown in the "EDG" furnace.

v



- 13 -

Measurement thermocouples: a scoercmut

Control thermocouples: 2 3 e AL203 insulation s o|7ls(o[winfrjujul s {8 n 1w w 20
/ SiO, ampule
)

| ? 7 . J
:3_ As R Seed™N " met / L

| Low temperature zone | Radial loss section | “EDG"™ section |High temperature zone

XBL 875-8896

Figure 1.



*2 2u4nbL4

llll[ﬁ]lilllllll!lllllll_[lilllll

™\ Moving gradient

IIIIIIT*]TT1[1I

T NI NI

Low
temperature |
Radial loss EDG High
section section temperature
pa v b el s by e v e v by b by i by
0 10 20 30 40 50 60

Axial distance in furnace (inches)

XBL 875-10184 .

_Vl—



v

Temperature (°C)

1260

1240

1220

1200

1180

1160

1140

1120

1100

- 15 -

I I 1 T T T T - T T
— O =30 O —0
.'_....................‘....“......”7.'. (EENEREEE A ENENENNNNENENNNMNN.] '.....'...—:
O
-~ O - “Flat” at 1100°C -
L n | | | | ! | | 1
5 6 7 8 9 10 11 12 13 14

Position and numbers of thermocouples in the “EDG’ section

XBL 875-10186

Figure 3.



Temperature (°C)

1260

1240

1220

-
n
(@]
o

1180

1160

1140

1120

1100

- 16 -

I 1 | Ililil vll

S
(b)

“Flat" at 1100°C

| N N E R TS H N I NN R SN RN N S

5 6 A 7 B 8 C 9 D 10 E 11 F 12 G 13 H 14
Position and numbers of thermocouples in the “EDG" section

XBL 875-10183

| Figure 4.

w



LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

el
i SN



