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Abstract

Sessile drop experiments were performed on molten indium antimonide on clean quartz (fused silica) surfaces. A cell was constructed
through which argon, helium, oxygen, hydrogen or a mixture of these was flowed at 600 °C. Some of the InSb was doped with 0.1% Ga.
The surface tension ¢ of oxide-free molten InSb was smaller in Ar than in He, may have increased with increasing O, in the gas, and was
not influenced by Ga or H,. The contact angle 0 on silica was higher in the presence of Ar, was lowered by O,, and was not influenced by
H, or Ga. The work of adhesion W and the surface energy oy, of the silica were higher in He than in Ar. The surface remained free of
solid oxide only in flowing gas containing <0.8 ppm O,. This behavior is attributed to reaction of O, at the surface of the melt to form
In,O gas. When solid oxide formed on Ga-doped material, it was strongly enriched in Ga, with the Ga/In ratio increasing with the
concentration of O, in the gas.

Examination of published sessile-drop results for liquid metals and semiconductors on silica revealed that W and g, were highest for
reactive melts, in which SiO, dissolves. For non-reactive melts, W and o, were lower and 0 higher in a gas than in a vacuum, regardless
of whether the experiments had been carried out in sealed ampoules, a flowing gas, or dynamic vacuum. The implication is that the
surface of silica was different in a vacuum than in a gas at ~1 bar.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In Bridgman crystal growth of semiconductors, fused
silica' ampoules are typically used that have been
evacuated and sealed, often after backfilling with helium
or argon. However, at elevated temperature empty silica
ampoules sealed in a high vacuum outgas to produce on
the order of 10~*bar of gas, which is predominantly
hydrogen [1]. The interior of semiconductor growth
ampoules is often coated with carbon to avoid sticking

*Corresponding author. Fax: + 1315268 6654.
E-mail address: regel@clarkson.edu (L.L. Regel).
'Amorphous fused silica is frequently called “quartz,” albeit incorrectly
as true quartz is crystalline.
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problems. Graphite converts the traces of water vapor
outgassed from silica ampoules to H, and CO [1]. Crystal
growth materials themselves contribute similar pressures of
gases under such conditions, typically oxides and hydrogen
[2]. Gases, particularly H,, also diffuse through the
ampoule wall [3]. Several percent of H, is frequently added
to avoid formation of oxide that can cause sticking of the
crystal to the ampoule wall, as well as formation of grains,
twins and precipitates. Addition of H, to avoid oxide was
essential in achieving detached solidification® (e.g., Ref. [4])

2

’In detached solidification, also called “dewetting,” the solid grows
without contact with the ampoule wall, i.e., there is a separation between
some portion of the ingot and the wall.
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of Ga-doped InSb on Earth [5]. HgZnTe grew detached if a
carbon getter was included in the ampoule [6,7].

Impurities have been implicated in detached solidifica-
tion by increasing the melt-ampoule contact angle 0, which
theory indicates should favor detachment (e.g., Refs. [8,9]).
Duffar et al. [10] wrote that ““semiconductors can present
very high contact angles on crucible materials, due to slight
amounts of pollution by residual gases. This phenomena is
used to explain the de-wetting of semiconductors observed
when grown under microgravity conditions in smooth
crucibles.” The basis for this conclusion was their observa-
tion made in sessile-drop experiments with InSb on silica
[10]. As described in Ref. [9], “it was practically always
necessary to shake the molten drops a little bit in order to
measure the contact angle corresponding to thermodynamic
equilibrium (112° in this particular case), otherwise contact
angles as high as 170° might have been measured. This effect
is attributed to absorption of some impurity at the surface of
the drop which creates a layer subsequently removed when
shaking. In any case this layer cannot be confused with a
solid peel on the drops which were always perfectly clean and
shiny before, during and after the experiments. The vacuum
in the ampoules during sealing was below 10~ mbar.” This
was the motivation for the study reported here.

The most likely impurity that interacts strongly with
molten semiconductors was believed to be oxygen. This is
because numerous experiments with liquid metals on oxide
surfaces had shown that oxygen always lowers the surface
tension ¢ of metals and dramatically lowers the contact
angle 6 when it exceeds a critical value ranging from
~107"bar for Sn to ~107 > bar for Ag (e.g., Refs. [11-16]).
The evidence is that O, dissociates when it dissolves in
liquid metals, adsorbs on the melt—vapor surface, and
modifies the melt—oxide substrate surface. Silicon is the
only semiconductor for which the influence of O, on

surface properties has been extensively investigated.
Sessile-drop experiments showed that O, lowers the surface
tension of molten silicon [17-22]. Huang et al. [17]
displayed their data versus the partial pressure of oxygen,
while Niu et al. [18-20] correlated their results versus the
square root of the oxygen pressure based on oxygen
dissociating upon entering molten Si. Huang et al. [17] also
found that the contact angle of the melt on pyrolytic boron
nitride (pBN) ‘““decreased a little” with increasing oxygen
partial pressure up to ~4 x 10~*bar. They measured higher
oxygen and boron concentrations on the surface of frozen
drops than in their interior. Kaiser et al. [23] determined
that the surface tension of Ge on pBN was lower in Ar or
high vacuum than in Ar containing 2%H,, while values
were lower on glassy carbon substrates in a vacuum.
This indicates that H» increases o of Ge and O, decreases ¢
of Ge.

2. Experimental apparatus and methods

Details of the experimental apparatus and methods are
given elsewhere [24-26]. A schematic diagram of the
apparatus is shown in Fig. 1. It consisted of the following
parts:

® A Thermcraft three-zone split tube furnace to melt the
InSb and maintain the resulting drop at the desired
temperature.
® A cell containing a fused silica substrate to support the
sessile drop (Fig. 2).
® A system to flow a gas of desired composition through
the cell. This system contained
O an oxygen analyzer to measure the fugacity (partial
pressure for an ideal gas) of oxygen in the gas flowing
out of the cell,

Fig. 1. Sessile drop apparatus. (1) Ar with desired O, content, (2) mixture of 90%Ar and 10%H,, (3) CGA 580 pressure regulator, (4) CGA 350 pressure
regulator, (5) 3 17 copper tube, (6) ball valve, (7) Oxisorb, (8) inlet support, (9) time code generator, (10) VCR, (11) monitor, (12) substrate in the display,
(13) InSb drop in the display, (14) optical bench, (15) camera with the lens, (16) filter, (17) inlet tube of cell, (18) InSb sessile drop, (19) chamber with fused
silica substrate, (20) furnace insulation, (21) SiC heating elements, (22) outlet tube of cell, (23) light source, (24) 1" stainless steel pipe, (25) bearings, (26)
motor, (27) gear, (28) pressure gauge, (29) temperature controller, (30) g L7 stainless steel tube, (31) oxygen analyzer, (32) optical quality fused silica disc.
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Fig. 2. Schematic diagram of the cell. (1) Ground and polished optical
quality fused silica discs (26-30 mm ID), (2) InSb sessile drop, (3) fused
silica microscope slide, (4) fused silica inlet gas tube (8-mm ID), (5) fused
silica outlet gas tube (8 mm ID), (6) fused silica cylinder (26-30 mm ID and
45-75mm long), (7) view of the CCD video camera, (8) riser for inlet and
outlet gas tubes (15 mm).

O supporting structures to hold the cell suspended in

the furnace and a motor—gear assembly to tilt the cell.

® An optical system to record the drop profile at intervals
during an experiment.

Several gases were used in the experiments, including
industrial-grade Ar, ultra-high purity (UHP) Ar, UHP Ar
premixed with 10% H,, scientific-grade He, Ar with 3 ppm
O, added, and Ar with 6 ppm O,. Argon is extracted from
air by distillation. Since the vapor pressures of O, and Ar
do not differ widely, it is virtually impossible to remove all
O, from Ar. For that reason, later experiments were
performed in He. Our gas supplier (Merriam-Graves: MG
Industries) specified their industrial grade Ar as containing
<8 ppm O, and <5 ppm moisture, UHP Ar with <1 ppm
0O, and <1 ppm moisture, and scientific He <0.5 ppm of
both O, and H,0. An Oxisorb® oxygen removal unit® was
used to reduce O, and moisture in some experiments, and
appeared to influence the results only in its effect on oxygen
concentration.

The O, concentration in the gas flowing out of the
experiment cell was measured by a DF-150 non-depleting
coulometric oxygen analyzer.* It is able to measure O,
concentrations between 0.01 and 10 ppm at pressures in the
range =+ 5 psig. It was used here at a total pressure from 1.1
to 1.5bar and flow rate from 1 to 3 cubic feet per minute
(1.7-5.1m%/h). After purging the apparatus for 1 day with
industrial Ar this analyzer showed 0.6-0.7 ppm O,, 0.3 ppm
O, after purging with UHP Ar for 1 day, and 0.08 ppm O,
with He for 3 days. In successful experiments yielding shiny
mobile drops, the O, partial pressure was <9 x 10~ bar.

The silica cell was soaked in aqua regia for 1 day to
remove organic and metallic contaminants, and rinsed with
deionized water, acetone and methanol. For 11 experi-
ments on undoped InSb the resulting cell was held at
1100 °C for 1 day while purging with a 10% H,—Ar mixture
in order to eliminate adsorbed water. Five experiments on
Ga-doped InSb were performed using cells that had been

*From Air Liquide Deutschland GmbH, Krefeld, Germany, http://
www.spezialgase.de.

“From Delta F Corporation, Woburn, Massachusetts, http://www.
delta-f.com.

purged at 750 °C for 10 h. The results of a sixth experiment
on Ga-doped InSb with 1100 °C preheating were indis-
tinguishable from those purged at 750 °C. Each cell was
used for 3-6 experiments, with no systematic change in
results noted from one experiment to the next. Examina-
tion of the silica substrate after experiments and removal of
the frozen drop did not reveal any change in the substrate
surface.

InSb pieces weighing 0.3-0.5g were broken from zone-
refined material.> Each sample was soaked in dilute HCI
for half a day, rinsed with methanol in an ultrasonic bath,
dried, and placed in the cell. If the cell had been preheated
at 1100 °C, the sample was introduced before the cell had
completely cooled, while avoiding the introduction of air as
much as possible. The cell with sample was rapidly heated
to 400 °C and held for 1 day in flowing 10% H,—Ar. The
desired gas was passed through the cell for half a day at
400 °C. The temperature was increased to 600 °C and held
until the oxygen concentration no longer changed,
approximately 2 days, before recording images for analysis.
All of the results reported here were obtained at 600 °C,
with no detectable difference from results obtained on Ga-
doped material at 550 and 650 °C.

Preliminary experiments revealed that excess vibration
caused the surface of the sessile drop to shake, making
measurement inaccurate. Additionally, in attempting to
measure contact-angle hysteresis by tilting the substrate,
this vibration led to premature rolling of the drop down the
incline. In order to eliminate the effects of the vibration,
the end supports for the cell were placed on vibration
damping pads with metal weights to depress the pads.

A black and white CCD camera® fitted with a 10 x zoom
lens was used to view the drop through the gas-entry end of
the furnace. A 100-W bare light bulb was placed at the
other end of the furnace, so that the drop was seen as a
silhouette. A welding filter was placed between the CCD
camera and the furnace to eliminate haziness in the video
picture. The camera assembly was mounted on an optical
bench that could be moved in both directions perpendi-
cular to the axis of view. The view of the drop was
displayed on a monitor and recorded using either a
computer with an image card or a videocassette recorder’
with later transfer to the computer with a frame grabber.

When a solid sample first melted, oxide could be seen on
the surface of the resulting drop that prevented it from
moving. Exposure to 10% H,—Ar expedited achievement of
a shiny drop that moved freely when the cell was tilted or
tapped (much like a drop of clean mercury on glass),
although lengthy heating in UHP Ar produced the same
result. This change is attributed to the gradual elimination
of oxide. A shiny Ga-doped InSb drop could not be
maintained in the absence of H, if the gas contained more

Kindly provided by Firebird Semiconductors in Trail, British
Columbia, Canada.

%Sony SSC-M374.
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Fig. 3. Image of a drop grabbed from a videotape of an experiment on
Ga-doped InSb in Ar and 2.0 x 107"bar O,. Note that there is no
reflection of the drop on the substrate surface, indicating that the camera
is properly aligned with the substrate.

than 0.8 ppm O,. Fig. 3 shows an image of a drop on a
near-horizontal substrate and Fig. 4 shows a drop on a
tilted substrate just prior to the drop rolling to the side. An
experiment was deemed successful, and the results reported
here, only if the drop remained shiny and readily moved
when the cell was tapped or tilted.

Six successful sessile drop experiments were performed
using Ga-doped InSb and 10 with undoped material. Three
of each of these were done in the presence of 10%H,-Ar,
while Ar was always present when Ga-doped InSb was
used. Seven experiments on undoped material were
performed in He. The O, partial pressure was varied from
0.97 to 9.0 x 10~ bar. Higher oxygen concentrations
tended to make the surface of a drop dull and prevent it
from moving, particularly for Ga-doped material. Prior to
grabbing an image for analysis, the substrate was tilted so
as to position the drop, the substrate was made as
horizontal as possible, and the cell was tapped to avoid
contact line sticking, sometimes vigorously enough to cause
the drop to briefly “jump” from the substrate.

Two to five images from each experiment were analyzed,
for a total of 57 digital images. Between each image the
drop was moved by tapping and/or rotating the cell
clockwise and counterclockwise. While each image was
slightly different, there was no trend with time. The images
were analyzed using automated algorithms that required
little or no manual input, in order to improve reproduci-
bility and provide freedom from operator bias. First, a
MATLAB program produced a binary image of the edge
of the drop. This program finds edges using the Prewitt
approximation [27] to the derivative, and returns edges at
those points where the gradient of the image is a maximum.
The region of interest was selected using Microsoft
Windows’ Paint. The substrate edge was removed using
the ““fill with color” tool to convert the substrate’s pixels to
black, so that only the drop outline remained. The pixel

Fig. 4. Image of a drop on a tilted substrate from an experiment on Ga-
doped InSb in Ar and 2.8 x 107" bar O,. This image was grabbed just
before the drop rolled down the substrate.

coordinates of the drop surface were determined using the
measurement tool of HLImage + + 98 software.® Another
MATLAB program converted the pixel positions into SI
coordinates. The calibration was done using a frame from
the CCD camera focused on a sheet of graph paper inside
the furnace at the same location as the drop. Another
MATLAB program determined the contact points and the
maximum height of the drop directly from the drop
coordinates. The drop coordinates, contact points and
height were input to the ADSA-P? FORTRAN program
[28,29], which determines the surface tension ¢ and the
contact angle 6 best fitting the drop edge coordinates to the
theoretical shape in a gravitational field [30]. Values for 6
were also determined using polynomial fits to the drop
surface near the left and right contact points for one image
from each experiment. The resulting left and right contact
angles differed by an average of 1.9° from one another, but
in a random way. The value of 6 from ADSA-P was usually
larger than that from the polynomial method, with the
difference A tending to increase with 0 according to the
equation A4 = 0.40 — 53° (R?> =0.58)."” The polynomial
results produced the same trends as those reported below
but with less statistical certainty. Because the polynomial
method provides no values for ¢ and because fewer images
were analyzed, only the ADSA-P results are reported here.

Contact-line sticking can inhibit motion of a sessile drop,
which probably accounts for the observation of Duffar et
al. [8,9] quoted above. This causes the contact angle of a
moving drop to deviate from the equilibrium static value,
increasing the contact angle at the advancing contact line

8Western Vision Software, http://www.wvision.com/.

° Axisymmetric Drop Shape Analysis—Profile.

1R is the correlation coefficient, and R? is the fraction of the variation
in dependent variable (here, 4) that is explained by the correlating
equation.
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and decreasing the contact angle at the retreating contact
line. The difference between advancing and retreating
contact angles is known as contact-angle hysteresis. In has
been found, for example, that the hysteresis of mercury
drops on glass is greater in air with ~50% relative
humidity than in dry nitrogen, presumably because of
oxide formation [31]. An indication of contact-angle
hysteresis can be obtained by tilting the substrate on which
the drop rests (e.g., Ref. [32]). Contact-line sticking causes
the upper contact angle to decrease and the lower contact
angle to increase. As the substrate is tilted farther,
eventually the contact-line sticking is insufficient to prevent
the drop from rolling down the surface.

Contact-angle hysteresis was measured for Ga-doped
InSb drops. Hysteresis is defined here as the difference
between the contact angles on the two sides of the drop on
the video frame just prior to that in which the drop rolled
down the substrate as it was slowly tilted. The left and right
contact angles were estimated by aligning tangents on the
two sides of the drop using HLImage + + 98.

3. Experimental results

Addition of 10%H, to the UHP Ar gas did produce a
measurable decrease in the oxygen concentration of the gas
entering the oxygen analyzer. Sudden changes in furnace
temperature also shifted the oxygen analyzer results. For
example, when the furnace temperature was increased by
50 °C with Ga-doped InSb, there was an almost instanta-
neous decrease of 0.02-0.05ppm in the oxygen analyzer
reading, which subsequently increased and stabilized at the
value existing before the change in temperature. This all
transpired in 1-2 min. When the temperature was decreased
to the original value, the reverse process occurred.

The frozen drops from the experiments were examined
by optical microscopy, scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX)
in the SEM. Each frozen drop was rounded with one or
more protrusions, as shown in Fig. 5. Such protrusions are
well known when group IV, III-V and II-VI semiconduc-
tors are frozen, and arise because the melt has a greater
density than the corresponding solid. Sessile drops that
were shiny and moved easily on the substrate always had a
dull surface when they were frozen, while the protrusions
remained shiny. SEM of the dull regions revealed dark
islands, as shown in Fig. 6. These islands were smaller
when gas containing 10% hydrogen was used, and were
both smaller and less distinct on undoped InSb. EDX
spectra of these dull regions had O peaks, and strong Ga
peaks on Ga-doped material. The protrusions showed no
Ga or O EDX peaks.

Molten drops of Ga-doped InSb that were not shiny or
mobile formed frozen drops with rough thick black
coatings. (No such drops were used to generate the contact
angle and surface tension values given here.) Fig. 7 shows a
cross section of such a coating. As seen in Fig. 8§, EDX
spectra of these coatings displayed peaks not only for In,

Fig. 5. Image of a frozen drop resulting from an experiment on Ga-doped
InSb in Ar with 10% H, and 2.0 x 107 bar O». Notice that the edges of
the sample are rounded and there are two shiny protrusions. The scale is in
mm.

Fig. 6. Scanning electron micrograph of a dull portion of the frozen drop
from an experiment on Ga-doped InSb performed in Ar with 10%H, and
2.3 x 1077 bar O,. The black islands are oxide.

Sb and O, but also a strong peak for Ga. EDX of the Ga-
doped starting material showed no Ga peak. Glow-
discharge mass-spectroscopy of a piece of the Ga-doped
starting material was performed by the Institute for
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Fig. 7. Cross section of a heavily oxidized frozen drop of Ga-doped InSb.
The oxide layer is about 40 um thick.
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Fig. 8. EDX spectra of the surface of an oxidized frozen drop of Ga-
doped InSb. Note the peaks for oxygen, gallium, indium and antimony.
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National Measurement Standard, National Research
Council, Canada, and showed approximately 0.1 at% Ga.
This Ga concentration is below the detection limit of our
EDX. As shown in Fig. 9, the ratio of Ga to In peak
heights of the surface of oxidized drops increased with
increasing oxygen concentration during the experiment.
(No measurements were made on frozen clean, i.e. shiny,
drops.) That is, the Ga-enrichment of the oxide on the
surface of frozen drops increased with increasing oxygen
concentration in the gas. The data shown in Fig. 8 were
correlated by two different equations:

Ga/In = 0.26 + 1.4 x 10° Po,

(R*> =0.84, p = 0.041, F-significance = 0.083), (1)
Ga/In = 420,/ Po,
(R* =0.87, p = 0.001, F-significance = 0.047), )

where Ga/ln is the ratio of EDX peak heights, Po, is the
oxygen partial pressure in bar, p is the probability that the
true slope differs in sign from that found, and “F-
significance” is the probability that there is no dependence
of Ga/In on Po, or ,/Po,. Thus, the best correlation is
that giving the highest R?, lowest p, lowest F-significance,
and a 0 intercept, i.e. Eq. (1).

Correlations of the ADSA-P results are given in Table 1,
where 0 is the contact angle in degrees, o is the gas—liquid
surface tension in N/m = J/m?, Xg, is the atom fraction of
Ga in the melt (0 or 0.001), Yy, is the mole fraction of H,
in the gas (0 or 0.1), Po, is the measured partial pressure of
O, in the gas in bar, and Y4, = 1 if Ar or Ar+ H, was used
and 0 if He was used. Excel’s Regression tool was used to
fit the following equations:

o= Ao+ Ao,Po, + AGaXGa + An, Y1, + Aar Y ars (3)

0 = By + Bo,Po, + BgaXGa + Bu, Y1, + Bar Y ar, “4)

1.2
= = Linear correlation
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Fig. 9. The influence of oxygen fugacity (partial pressure) on the ratio of the peak heights of Ga and In in the EDX spectra on frozen oxidized drops.
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where the A’s and B’s are coefficients giving the largest R>.
The 4 values in Table 1 are 95% confidence limits. That is,
there is a 5% chance the true value is outside the given
range. To help interpret the statistical parameters shown in
Table 1, let us look at the influence of Po, on 0 for the
subset of the data for Xg, = 0.001 and Yy, =0.1. We see
that the equation 0 = By + Bo,Po, with By = 162° and
Bo, = -8 x 10° deg/bar explains 63% (R?) of the varia-
tion in 0. There is 95% probability that the true value of B,
lies between 159° and 165°, and that the true value of Bo,
lies between —3 x 10° and —13 x 10°deg/bar. There is
0.3% chance (p) that the true value of Bo, is actually
positive, and a 0.6% chance (F-sig) that 6 does not depend
on Po, at all.

The last three columns include all of the data. The
correlations in the column on the left include all
parameters, the middle column correlations exclude Y,
as a variable, and the correlations on the right always
include Ya,. The best correlations, i.e. those with the
smallest F-sig, are those in the last column on the right.

For contact angle 0, an even better fit to all of the data
was obtained by the following equation:

cos(0) = —0.80 £ 0.01 + 6 £ 3 x 10* Po, — 0.14 £0.01 Y 5,
(p = 0.0005) (p=1x107%)
(R* = 0.94, F — significance = 2 x 10-%). (5)

The angle of tilt at which a Ga-doped drop in Ar rolled
down the silica substrate ranged from 0.005° to 8.2°, and
averaged 1.6°. (Drops that remained oxidized would not
move at any angle.) The hysteresis ranged from 1° to 14°,
and averaged 7°. There was no correlation of these
parameters with one another or with temperature, Po,,
or Yy,. An interesting observation was made on the
motion of shiny Ga-doped InSb drops when the cell was
tilted. Sometimes the drop would begin to move at a low
tilt angle and then stop, and not move again until the angle
was increased. In experiments with the undoped material, it
was determined that the spot where such sticking occurred
corresponded to the drop’s initial location (where it formed
by melting the solid feed and remained while removing
oxide during the purge cycle).

technique [33]. For ¢ was found a value of 0.43 N/m, which
is near those found in the present work. On the other hand,
0 was reported as 112°, which is significantly lower than the
values obtained here, both by ADSA-P and by the
polynomial method. The intriguing results of Kaiser et al.
[23] for Ge on silica are highly relevant. They discovered
that 6 was significantly higher (~155°) in flowing Ar than
in a dynamic vacuum (~115°), with the shift between the
two being reversible. However, the change in § was much
slower, requiring ~60h, when they shifted to a vacuum
from Ar than vice versa. A layer on the surface of the drop
was observed after some time in Ar that subsequently
disappeared in the dynamic vacuum. These results hint at
the complexity of the semiconductor/silica/gas system. We
will now attempt to resolve these complexities.

The starting point in interpreting contact angle data is
the classical Young equation, which relates the contact
angle 6 to three surface energies in the system (e.g., Refs.
[11,34,35]):
cos 0 = w, (6)

o

where oy, is the energy (J/m?) of the solid—vapor surface
and oy is the solid—melt surface energy. For 0 >90° as here,
cos <0, indicating that 64> ag,. The value of gy, — gy =
g cos 0 can be obtained from experimental values of ¢ and
0. Neumann et al. (e.g., Refs. [36,37]) pointed out that
gcosf is a function of ¢ alone if “at constant o,
intermolecular forces (or surface tension components) do
not have any independent effects on the contact an-
gles’[36]. A plot of our data in Fig. 10 as o cos0 versus a
revealed that the data fall on two lines, one corresponding
to measurements made in He and the other to experiments
in Ar or Ar+10%H,. A measure of the relative variation
in values is the standard deviation divided by the mean,
which is 0.15 for ¢ and 0.08 for cosf. Following
Refs. [36,37], we conclude that o, was constant on each
line and so was higher in the presence of He than in Ar.
This is a highly surprising result. Furthermore, the
different slopes of the lines in Fig. 10 imply that whatever
caused o to increase also caused oy to increase by about the
same amount in Ar, but only by f—‘ of this amount in He.
Additionally, correlation of ¢ cos 6 yields

Os — 0y = acosl = 0.04 +£0.04 +3 +2 x 10* Po, —0.06£0.01Y s, —0.88+0.07¢

(»=0.02) (p=0.002)

4. Analysis and discussion
4.1. Surface tension and contact angle
The most recent measurements reported in the literature

for ¢ and 6 of molten InSb on SiO, were performed in a
static vacuum (sealed ampoule) using the sessile drop

(p=1x10"1%)

(p=1x107%) (7

with R> = 0.96 and F-significance = 7 x 10™%.

How do these results compare with literature data
for liquid metals and semiconductors on silica? Available
data were compiled in Table 2 and are plotted in Fig. 11.
These data appear to fall on three lines, which can be
identified (with two exceptions) as belonging to the
following classes:
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£ 2
s R®=0.95
(7]
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Fig. 10. Plot of experimental values of surface tension ¢ and contact angle 0 for InSb, in Ar or He, undoped and doped with 0.1% Ga, and with and

without 10% H; in the argon.

® Reactive melts, according to the classification of
Refs. [11,15], i.e. melts in which the silica substrate
dissolves to give an appreciable oxygen concentration.

® Non-reactive melts in a vacuum, either static or
dynamic.

o Non-reactive melts in a gas at ~1 bar.

The two exceptions are Pb in He, the point for which
(M) falls near the correlation for non-reactive melts in
vacuum, and Au in a vacuum (@), which is near the
correlation for non-reactive melts in a gas.

Also shown in Table 2 is the work of adhesion of the
melt on the substrate:

W = o0g + 0 — ag = a(1 + cos 0), (8)

which is known as the Young-Dupré equation (e.g.,
Ref. [11]). Note that W, on average, is highest for reactive
melts and lowest for non-reactive melts in a gas.

The relative positions of the three sets of data in Fig. 11
imply that the solid—vapor surface energy, o, is highest for
reactive melts and lowest for non-reactive melts in a gas.
There are two methods that can be used to obtain estimates
of o5, from measurements of ¢ and 0. By combining the
equation suggested by Good [45] with Young’s equation,
we find one:

__a(1 + cos 0)°

. )
492

SV
where @ “is a function of the molecular properties of the
liquid and the solid, and rather than lies between about 0.5
and 1.0 for common systems in which contact angles are
observed” [45]. Thus (1 + cos 0)? /4 is also given in Table
2, and would equal gy, if &g = 1. A second method for
estimate g, is obtained by combining the result of the

equation-of-state approach of Refs. [37,46] with Young’s
equation:

cos 0 = —1+ 2, /?e_ﬂ(g_a“)z, (10)

where ff was determined to be 124.7 N/m by fitting data
[37,46]. Com;z)arison of Egs. (9) and (10) gives
@y = e P—9)" Table 2 also shows values of o, found
by solving Eq. (10) for experimental values of 6 and o.
While Eq. (9) with &g = 1 gives much lower values than
Eq. (10), both yield the highest solid surface energies for
reactive melts and the lowest for non-reactive melts in a
vacuum. Experimental values for the surface energy of
silica in the literature include 0.18 N/m at 1000 °C [47] and
0.33 N/m at 1727°C [48,49]. A theoretical estimate for a
fresh fracture surface at room temperature is 1.5 N/m [50].

In the following sections we try to separate the influences
of the choice of gas and Ga-doping on the surface
properties of InSb in particular, as well as for liquid metals
and semiconductors in general.

4.2. Influence of reactivity of the melt

Table 2 shows that the so-called reactive melts have the
highest o, lowest average 0 and highest work of adhesion
W. They also tend to adhere strongly to silica when they
freeze, sometimes leading to fracture of the silica. One
expects these melts to continually remove the surface of the
silica and any adsorbed species such as water (see Section
4.3). Thus, these melts interact with virgin silica. Interest-
ingly, they also appear to produce the highest estimated oy,
for silica, which implies that these melts change the silica
surface adjacent to the drop as well as that between the
drop and the silica.
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Table 2
Average literature values for liquid metals and semiconductors on silica
Material Atmosphere Surface ten Contact ang g cos0 o (1+cos0) (W) o(1+cos0)?/4 o via Eq. (10) Source
(0) (N/m) (6) (deg) (osv—0q)  (N/m) oy if &g =1 (N/m) (Ref))
(N/m) (N/m)
Non-reactive melts in vacuum, either in sealed ampoules or connected to a vacuum system (“‘dynamic vacuum’)
Au Vacuum 1.127 143 —0.900 0.227 0.011 0.994 [38]
CdTe Vacuum 0.180 80 0.031 0.211 0.062 0.255 [39]
Cu Vacuum 1.233 128 —0.759 0.474 0.046 1.120 Through
[38]
Fe,sB13Sio Vacuum 1.000 123 —0.545 0.455 0.052 0.893 [40]
Ga Vacuum 0.646 119 —0.313 0.333 0.043 0.549 Through
[38]
GaAs Vacuum 0.450 120 —0.225 0.225 0.028 0.349 [41]
GaSb Vacuum 0.453 121 —0.233 0.220 0.027 0.351 [11]
Ge Vacuum 0.570 117 —0.259 0.311 0.042 0.472 [23]
Hg Vacuum 0.482 100 —0.084 0.398 0.082 0.402 [42]
In Vacuum 0.540 128 —0.332 0.208 0.020 0.429 Through
[38]
InSb Vacuum 0.434 112 —0.163 0.271 0.042 0.342 [11]
Sb Vacuum 0.360 114 —0.146 0.214 0.032 0.268 Through
[11]
Sn Vacuum 0.510 112.5 —0.195 0.315 0.049 0.417 [43]
Sn Vacuum 0.464 125 —0.266 0.198 0.021 0.357 Through
[38]
Averages: 0.604 117 —0.314 0.290 0.040 0.514
Non-reactive melts in gas at ~1 bar, either in sealed ampoules or flowing
Ag 5% H, 0.820 142 —0.646 0.174 0.009 0.688 Through
[38]
GaSb H, 0.450 131 —0.295 0.155 0.013 0.336 [44]
Ge Ar, 2% H, 0.590 155 —0.535 0.055 0.001 0.437 [23]
Hg 100% RH* 0.430 130 —0.276 0.154 0.014 0.317 [42]
InSb Ar 0.390 158 —0.362 0.028 0.001 0.233 Present
work
InSb He 0.430 143 —0.383 0.097 0.005 0.349 Present
work
Pb He 0.406 120 —0.203 0.203 0.025 0.306 [38]
Averages: 0.509 140 —0.386 0.124 0.010 0.381
Reactive melts (high dissolved O from substrate [11,38]
Al Vacuum 0.844 90 0.000 0.844 0.211 0.772 Through
[38]
Co Ar 1.857 121 —0.956 0.901 0.109 1.752 Through
[38]
Fe H, 1.673 117 —0.760 0.913 0.125 1.572 Through
[38]
Ni Ar 1.883 120 —0.942 0.942 0.118 1.779 Through
[38]
Si Ar or He 0.826 87 0.043 0.869 0.229 0.757 [38]
Averages: 1.420 107 —0.523 0.894 0.158 1.326

#100% relative humidity of water vapor in air at ~20 °C.
4.3. Influence of oxygen

The values of 4p, and Bo, in Table 1 indicate that O,
increased o and decreased 6, although the certainty of
this conclusion could be higher (i.e., smaller p values),
particularly for ¢. Thermodynamics provides a good
starting point for understanding the interaction between
oxygen and molten InSb. First, we consider un-doped
InSb in the absence of hydrogen. The standard free
energies of formation A;G° for the oxides at 600 °C are
given in the literature as —37kJ/mol for In,O3 [51,74]

and ~—475kJ/mol for Sb,O5 [52-54] with oxygen at 1 atm
and pure In or Sb. We can calculate the equilibrium oxygen
partial pressure Pg, over In,O3 in contact with molten
InSb. The chemical reaction is

2In+3/202 = In,0O3 (11)

for which the Gibbs free energy change is

o 1

i/ 0,



A.K. Kota et al. | Journal of Crystal Growth 290 (2006) 319-333 329

0.2

Non-reactive melts in vacuum
y=-0.81x+0.175
R?=0.91

0.0

-0.2

0.4}

o cos(0) (N/m)

-0.6 1 Non-reactive melts in gas
y =-0.93x + 0.088

O NR in vacuum

O NRin gas

¢ Reactive melts
== Linear (NR in gas)

Reactive melts
y =-0.94x + 0.804
R? = 0.999

@Au in vac

R?=0.83
0.8
1.0 , , , ,
0.1 0.3 0.5 0.7 0.9

1.1 13 15 1.7 1.9
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Fig. 11. Literature data for sessile-drop results on liquid metals and semiconductors (see Table 2).

where ay, is the activity of In in the liquid and f 0, is the
fugacity of O, in the gas above solid In,O5. At equilibrium
AG = 0. For an ideal gas and ideal solution (In in InSb),
we have fo2 = Po, and ay, = X1, = 0.5, where Xp, is the
atom fraction of In in the melt. Making these substitutions
and solving we find

- 2 4 G° 1.01325b
Po, = aln4/3 exp (— ! )atm o

atm

~ 107> bar.
(13)

Similarly, one finds the equilibrium partial pressure of
oxygen over Sb,Os to be approximately 10~'? bar. Since
our experimental Po, was approximately 10~ bar, this
implies that oxide should have covered our drops with no
hope of removal (at least in the absence of hydrogen). And
yet it did not—shiny oxide-free drops could be obtained in
Ar and maintained in Ar and He, provided that O, was
below about 0.8 ppm. Volatile In,O must have formed and
evaporated. At equilibrium at 600 °C, the partial pressure
of In,O gas over pure In+In,05 is 0.0026 bar, that of In
vapor is 1.1 x 10~°bar, and O, is 4 x 1072 bar [51]. Thus,
in our experiments with UHP Ar without H,, the oxide
initially present must have reacted with In to produce In,O
that evaporated until the oxide was gone. Furthermore,
In,O vapor must have continued to form during an
experiment.'! That is, while we did eventually reach a
steady state, we never reached equilibrium. This probably
explains why ¢ and 0 varied widely, not only from
experiment to experiment, but also during a given
experiment. The composition of the surface of the drop
must have varied, both temporally and spatially, causing o
to vary and probably even causing some Marangoni
convection in the drop.

3 RT

""Probably condensing to form the white scaly deposit observed near the
exit of the ampoule. Unfortunately, this deposit was not analyzed.

It is interesting that Harter et al. [10] performed their
experiments on InSb sealed in an ampoule with an initial
Po, <5 x 107" bar, but with a pressure of approximately
10" °bar upon opening the ampoule. They obtained
o = 0.43N/m, which is near our result, but a much lower
0. (Lazrev et al. [55,56] reported o = 0.42N/m). It is
interesting that Po, =5 x 10~ % bar is still much too large
to avoid oxidation of InSb, as found above. It is probable
that the H, outgassed from the ampoule is sufficient to
avoid oxide provided not too much is on the feed material
(see Section 4.6).

Another aspect of interest is the amount of O, that
dissolved in the molten InSb. When O, dissolves in liquid
metals, it dissociates into single atoms or ions. Thus, we
find that the atom fraction X is related to Po, by [57-59]

(14)

where 7o is the activity coefficient of oxygen atoms/ions in
the liquid. For InSb at 600°C, yo = 4.6 x 1078 [59]. The
maximum Po, is that above In,Os in equilibrium with
InSb, or from Eq. (13) approximately 1072 bar. Substitu-
tion of these values into Eq. (14) gives us X <6.8 x
107® = 6.8 ppm in order for In,O; not to form. The
solubility at 900 °C was estimated to be Xo = 5.4 x 107>
[59], indicating that the solubility of O increases with
increasing temperature. Similarly, dissolution of Sb,Oj3 in
Sb at 600 °C gives Xo = 2.8 x 107>, which increases with
increasing temperature [54]. Even though yo increases with
increasing temperature [59], Po, above In,Oj increases
even more [51]. (The solubility of O, in liquid metals
usually increases with increasing temperature, i.e., the
dissolution is usually endothermic (e.g., Ref. [57]).
Changing the temperature of the cell caused momentary
changes in the oxygen concentration in the outlet gas.
When the temperature was increased, Po, decreased, and
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vice versa. The most likely explanation is that the melt
absorbed (dissolved) O, when the temperature was
increased and vice versa, due to the solubility of O, in
InSb increasing with temperature. To see if this is reason-
able, let us assume a flow rate of 1.6 scfh (0.045m>/h) and a
decrease in oxygen concentration of 0.035 ppm for 1 s after
increasing the temperature from 825 to 873 K. The ideal
gas law then gives the amount of oxygen absorbed from the
gas into the drop as

(1.6ft3 gas) < h >(1 9 (0.035 x 107¢ mol 02>
h 3600 s molgas
mol gas - K 1 atm
* (0.00290 atm ft° gas) <873 K)

=74 x 10" mol O,.

For a drop weighing 0.4g and a molecular weight of
236.57, this gives Xo = 4.4 x 10~°, which is only about
0.1% of the maximum O solubility calculated above.

Even for drops that remained shiny and mobile during
an experiment, islands of oxide (Fig. 9) formed dull
sections when the drops were frozen, while the extruded
protrusions remained oxide free. The likely explanation is
that rapidly decreasing the drop’s temperature reduced the
solubility of O so fast that the excess O could not diffuse
into the gas stream rapidly enough, and instead formed
In203.

4.4. Influence of inert gas versus vacuum

From Table 2 it is seen that when measurements were
made in a vacuum significantly lower values were obtained
for 0 and oy, higher values for W, and little difference in o.
It is particularly meaningful to compare the results for the
same substances, InSb and Ge, obtained at high tempera-
ture in these two environments. Following are some
possible explanations:

o Inert gases tend to have higher partial pressures of O,
and H,O than in a good vacuum. As shown in the
preceding section, this probably leads to production of
In,O gas at the surface of InSb that prevents formation
of solid In,O3 and lowers Xg inside the melt. One would
expect similar behavior on Ge, with formation of GeO,
which sublimes below the melting point of Ge. Because
diffusion coefficients in a gas are proportional to 1/P,
the resulting In,O or GeO would escape much easier in
the presence of a vacuum, and lead to a lower Xg in the
melt than with an inert gas present. However, as noted
earlier O, lowers 6 for liquid metals on oxide substrates,
so that a lower 6 would be expected with an inert gas.
This is contrary to published results, and so does not
provide a likely explanation.

e Since the surface energy o, depends on the atomic
arrangement at the surface, perhaps the atomic arrange-
ment and bonding of Si and O, both internally and on
the surface, depend on the atmosphere in which silica is

held. While this at first may seem unlikely, no one

appears to have made measurements or done theoretical

modeling that would test this idea, particularly at high
temperature. Following are two observations that might
support such a notion:

O A fresh surface formed by fracture differs from that
formed by fusion (e.g., Ref. [60]). The surface relaxes
with time to produce lower energy configurations [61].

O Fused silica contains a lot of hydrogen, both as
dissolved H, and chemically bound as SiOH and SiH
[62]. “The inherent hydroxyl content of commercial
vitreous silica can vary between ~1ppm and
0.4mol%” [62]. As noted earlier, this hydrogen
diffuses out at in a vacuum at high temperature [2].

e Another potential explanation is the influence of water
vapor on the surface of SiO. There are data showing
that adsorbed water raises 6 on silica for a variety

of substances at room temperature, e.g. H,O (e.g.,

Refs. [47,63]), organic compounds [47,64] and Hg [31],

primarily by lowering oy,. It is well known that a virgin

surface of SiO exposed to air immediately begins to
adsorb H,O and organics. The first H,O molecules form
silanol (=Si—OH) groups on the surface, until virtually
every exposed Si has thus reacted. The amount of silanol
is usually characterized by the silanol number o, which is
the number of OH/nm of surface [65,66]. Saturation

(full hydroxylation) is equivalent to ooy ~ 4.6nm=2.

Subsequent H,O is physically adsorbed by hydrogen

bonding. The physisorbed H,O is fully removed in a

vacuum at room temperature, or at about 150 °C in air

[66]. The chemisorbed H,O only gradually comes off,

for colloidal silica reaching an equilibrium value in

vacuum of aog ~ 1.5nm~2 at 600 °C and 0.15nm2 at

1100 °C [66]. Fused silica dehydroxylates more readily,

reaching oop ~ 0.15nm~2 at 500 °C in vacuum [67]. In

dehydroxylation, bridging siloxane groups, =Si-O-

Si=, replace silanol groups. The rate of desorption in

an inert gas is less than in a vacuum (e.g., Ref. [63]).

Furthermore, in a high vacuum the water vapor pressure

should be much lower than in an inert gas, so that the

equilibrium value of o would be lower. Upon cooling
in the presence of water vapor, the surface slowly
rehydroxylates [68]. Some siloxane configurations ap-
pear much more stable than others [67], so that full
rehydroxylation may literally take years of immersion in
liquid water at room temperature [66,69] The surface
relaxation of silica was shown to be faster in the
presence of H,O [61].

4.5. Influence of choice of inert gas

There are also several possible reasons why 6 of InSb
was much larger and ¢ lower in Ar than in He:

® A slight difference in adsorbed water, which is known to
increase contact angle (see above). UHP Ar contains
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more water than research-grade He. However, we did
not measure water content because we believed that
adsorbed water would be present at such a low level at
600 °C that it would not matter. Furthermore, we found
no difference between results in Ar with preheating at
1100 and at 750 °C.

® The solubility of He in SiO, at room temperature is
~20 x greater than that of Ar [70]. Dissolved inert gas
would be expected to increase the interatomic spacing
and thereby increase oy, making oy, larger in He than in
Ar, as observed.

e Diffusion coefficients are much higher in He than in Ar.
Thus, the transport of O, to the melt surface and
transport of In,O away would take place at a higher rate
in He. This higher transport would change the O
concentration in the melt and on its surface, thereby
changing both 6 and o.

4.6. Influence of hydrogen

Addition of hydrogen did not measurably reduce the
oxygen concentration in the exiting gas, indicating that
negligible reaction between hydrogen and oxygen oc-
curred.'? The value of 4,G° for H,O at 600°C is
—200kJ/mol [71]. From this we can calculate the equili-
brium Po, for 1 ppm of H,O, 1 ppm of O,, and 10% H in
the feed gas as

Y0\’ 24;G°
P°2=<Y; > exP( RT
2

3x 1076’ 2 x (=2 x 10%) .
= (T) €eXp (m) =1.1x10 bar.

Thus, the residence time for the gas in the cell of ~2.4s
would have been too short for appreciable reaction at
600 °C.

On the other hand, addition of 10% H, to Ar reduced
problems with oxide formation on the drops. It is common
to add hydrogen to the backfill gas in crystal growth, and
experience shows that this greatly diminishes problems
with oxide. Our results indicate that hydrogen directly
reduced the oxide on our material, probably through the
reaction

In,O3 + 3H, = 2In + 3H,O0. (15)

For ai, = 0.5, Yp,0=1x 107¢ and Yy, = 0.1, we calcu-
late the free energy change for this reaction as

3 9
YHanIn>
3
Yy,

2At equilibrium this reaction would be essentially complete. For
example, with 10% H, and 100 ppm O, supplied with Ar at latm and
600 °C the calculated equilibrium mole fraction of O, is approximately
107%.

AG =34:Gyp o — Giy o, + RT In (

= —223kJ/mol,

which reveals a very strong thermodynamic driving force
for reaction.

Nevertheless, addition of 10% H, to Ar had no
measurable influence on 6 or o, probably because once
cleaned of oxide there was no change in Po, at the surface
of the drop or of Xy inside the drop.

4.7. Influence of gallium doping

As shown in Figs. 8 and 9, when oxide formed on Ga-
doped InSb, Ga was strongly concentrated in the oxide.
This is not surprising because 4:G° for Ga,05 at 600 °C is
—800 kJ/mol [72,73], which is much more negative than for
In,O5 and Sb,O;3 [74-76]. This phenomenon became more
pronounced as the oxygen concentration in the gas was
increased. One would also expect that oxidation problems
would become more severe as the Ga content of InSb is
increased.

We found no influence of 0.1% Ga on ¢ or 8 of clean
shiny drops.

5. Conclusions
The present work led to the following conclusions:

e The surface tension ¢ of oxide-free molten InSb was
smaller in flowing Ar than in He, probably increased
with increasing O, in the gas, and was not influenced by
10% H, or 0.1% Ga in the melt.

e The contact angle 0 on silica was higher in flowing Ar
than in He, was lowered by O,, and was not influenced
by H; or Ga.

e® The work of adhesion W and the surface energy o, of
the silica were higher in He than in Ar.

o Thermodynamics indicates that oxygen reacted at the
surface of the melt to form oxide. When the surface
remained oxide free, for <1 ppm O, here, In,O gas must
have formed. When solid oxide did form on Ga-doped
InSb, it was strongly enriched in Ga, with the Ga/In
ratio increasing with the amount of oxygen in the gas.

o The literature shows that the solubility of oxygen atoms
or ions in molten InSb decreases with decreasing
temperature. A slow temperature decrease caused
the excess oxygen to escape into the gas. A rapid
temperature decrease during freezing of the drop caused
oxide islands to form on the frozen drops surface, giving
it a dull appearance. Solid formed from melt extruded
from the interior of the freezing drop was shiny and
oxide free.

e Examination of published values for liquid metals and
semiconductors on silica showed that W and o, were
highest for reactive melts (in which SiO, dissolves). For
non-reactive melts, W and o, were lower and 6 higher in
a gas than in a vacuum, regardless of whether the sessile-
drop experiments were carried out in sealed ampoules,
a flowing gas, or a dynamic vacuum. Thus it appears
that the surface of the silica is different in a vacuum that
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at ~1 bar. The reason for this surprising conclusion is
unknown.

® Crystal growth is usually carried out in a sealed
ampoule. To obtain an oxide-free melt with reduced
adhesion (lower W) to the ampoule wall it appears
advantageous to seal in Ar containing H,, with carbon
also in the ampoule as an added reducing agent. It is
surely not a coincidence that this is long-standing
common practice with semiconductor crystal growth.
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