from the same slice, but without a window in the electrode,
and find that I ;, increasesby ~5% in 5kbar,ie.,f ;' dl,,/
dP = + 0.01 kbar~ . The increase in spontaneous current
for a loss-free laser is®

dJ dE,
L Hwon _ 2 %% 6017 kbar—", )

spon g
which is about twice that observed above. The increase of 7,
with pressure suggests that the internal efficiency increases
with pressure, and this should reduce the overall increase of

I, with pressure. We can estimate this effect as follows:

If we write J, = 7, J,0n, then

1 thh ' d 1 1 dJspon
—_— = ey l'— + Y (8)
T ap Tap T

and writing; = 1 + (7, /7,, ), then, taking 7, = 3.5 nsand
neglecting its pressure dependence, our data for 7, gives
4

N: 4P

and so Egs. (7) and (8) predict
1 dJy

Jyn dP
In other words, the increase in 7, implies such a large im-
provement in 7, that J,; should actually decrease with pres-
sure. The discrepancy with our observed increase of 1,;, can-
not be resolved by making other reasonable estimates of 7, or
its possible pressure dependence, and so the increase of 7,
with P is, in fact, much greater than we expect from our
measurements of 7, .

(77 ") = —0.09,

= 40.017 —0.09 = — 0.07 kbar™".

Since the 7~ ! vs 1/y/L plot is only used over its linear
portion, which extends to ~0.5 I ;, , we postulate that there is
some further nonlinear loss mechanism at threshold which
does not contribute in the current range used to measure 7,,,
and which causes 7 ;, to increase with P. It is known that the
energy separations of the I', L, and X conduction-band mini-
ma decrease with increasing P, and so we postulate that ther-
mal transfer of carriers to the L minimum in the active re-
gion or to the X or L minima or DX centers in the cladding
regions could be responsible for our observed increase of 7, .

In summary, we have measured the linear losses in a
GaAs DH laser at high injection and as a function of hydro-
static pressure. We find that the nonradiative lifetime in-
creases with pressure, suggestive of capture at a deep state by
multiphonon emission, but despite the improvement this im-
plies in the internal quantum efficiency, we also observed
that the threshold current increases with pressure. We pos-
tulate that this is caused by nonlinear losses which are effec-
tive at threshold, such as carrier transfer to higher conduc-
tion-band minima in the active cladding region.
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Structural development during mechanical alloying of crystalline niobium

and tin powders
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The structural development with milling time during mechanical alloying of niobium and tin
powders, of average composition Nb;Sn, was followed by x-ray diffraction. The elemental

powders initially alloy mechanically to form an A15 structure phase. With continued milling,
the A 15 phase transforms to an amorphous structure. The kinetics of the structure changes are
dependent on the milling media and atmosphere. The measured lattice parameter g, for the

A5 phase prepared with tungsten carbide milling media in an argon atmosphere agrees with

the literature value of g, for bulk Nb,Sn. However, milling with steel media introduced
significant contamination by iron and an anamolous expansion of the A15 phase lattice.
Amorphization of the A15 phase is believed to be due to the creation of a critical defect

concentration by the mechanical deformation.

In recent years, there has been interest in the formation
of amorphous metallic alloys by solid-state reactions. The
current understanding of this phenomenon has been re-
viewed by Schwarz.! Mechanical alloying is one of the solid-
state methods which has been used to synthesize a number of
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amorphous alloys.>"® Mechanical alloying (MA) is a high-
energy ball milling technique for producing composite metal
powders with controlled microstructures by the repeated
cold welding and fracture of powder particles.” If MA is
continued to the point where the starting powders are mixed
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FIG. 1. Schematic free energy vs composition curves for (1) the mixture of
crystalline components, (2) the amorphous alloy, and (3) the crystalline
intermetallic compound.

to dimensions of a few atomic spacings, then an alloy of the
elemental powders can be formed. Depending on the alloy
system, this alloy might be the equilibrium phase (solid solu-
tion or intermediate phase), a metastable crystalline phase,
or an amorphous structure. Schwarz and Koch® have dem-
onstrated that the amorphous structure can be obtained by
starting either with powder of the pure elemental compo-
nents or with powder of the equilibrium intermetallic com-
pound. The mechanism(s) of amorphization by mechanical
alloying can be discussed in terms of the free energy versus
composition curves, shown schematically in Fig. 1. State [1]
represents the free energy of the mixture of pure crystalline
A and B powders, state [2] the free energy of the amorphous
phase treated as an undercooled liquid® with a large negative
heat of mixing, and state [3] the free energy of the equilibri-
um phase 4, B,,. For many glass-forming binary systems,
such as Ni-Nb*® and Ni-Ti,? it is believed that amorphiza-
tion occurs by solid-state interdiffusion of the components
such that the free energy is lowered from [ 1] to [2]. This has
been observed in systems with large negative heats of mixing.
Starting with pure elemental powder of the components has
resulted in this sequence in the amorphization experiments
reported up to now. It is assumed in this case that the kinet-
ics for formation of the amorphous phase are more rapid
than for the formation of the equilibrium intermetallic com-
pound. It has also been shown that the amorphous structure
can be attained if one mills powder of the equilibrium inter-
metallic compound.® In this case, the free energy must be
raised from state [3] tostate [2]. It was suggested'® that this
could be accomplished by raising the free energy of the crys-
talline compound by introduction of defects during mechan-
ical milling, in analogy to amorphization by energetic parti-
cle irradiation.”’ In this note we describe experiments in
which amorphization occurs in the Nb-Sn system by the

3451 J. Appl. Phys., Vol. 62, No. 8, 15 October 1987

path [1] - {3] — [2]. That is, mechanical alloying of the ele-
mental Nb and Sn powders first produces the crystalline A15
compound, which, after continued milling, transforms to the
amorphous structure.

Elemental powders of nominal purity (99.8% for Nb,
99.5% for Sn) of starting diameter <45 pm were blended in
the desired proportions for mechanical alloying. Mechanical
alloying was carried out in a SPEX Mixer/Mill Model 8000.
The vials and milling media consisted of either hardened tool
steel (5.7 7.6 cm) with 440C martensitic stainless-steel
balls (7.9 mm diam) or a tungsten carbide-cobalt vial
(5.7X6.35cm) and balls (7.9 and 11.1 mm?diam). The vial
atmospheres during MA were nominally either air or argon.
Several ball-to-powder weight ratios were used (4:1, 6:1, and
8:1).

During mechanical alloying the vials were opened peri-
odically for removal of small amounts of powder for analy-
sis. X-ray diffraction (XRD) measurements were made on

Nb

Sn
Sn

Sn
sn Nb Nb 3h

Sn Sn

Intensity (arbitrary units)

A15
a1s [\ A15

AS 27h

—" 63h

30 40 50 60 70 80
20 (degrees)

FIG. 2. Diffraction Patterns of Nb-25 at. % Sn powder milled in argon with
steel media. Milling times 0, 3, 12, 27, 63, and 100 h.

M. S. Kim and C. C. Koch 3451

Downloaded 29 Jan 2009 to 130.240.42.73. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



the powder in either a Debye-Scherrer camera or on an
XRD-5 diffractometer, both with CuX, radiation. The peak
positions of the most intense diffraction maxima [ (110) Nb,
(210) A15, or first maxima of the amorphous pattern] were
measured. The Scherrer relation was used to obtain a semi-
quantitative measure of the degree of disorder being intro-
duced by mechanical alloying. The effective scattering
length d determined from the breadth of an x-ray diffraction
line is given by

d =0.91 /8 cos 6,

where 6 is the scattering angle for x rays of wavelength A4,
and f is the full width at half maximum of the diffraction
line. In the derivation of the Scherrer relation, d is the aver-
age dimension of crystallites normal to the x-ray scattering
vector. We refer to d as an effective scattering length and
roughly view it as a distance over which long range atomic
periodicity is lost.

After mechanical alloying, chemical analysis was per-
formed on portions of the powders removed from the vial.
Oxygen analyses were made by Wah Chang Teledyne
Corp.'? and metallic analyses by an electron beam micro-
probe at NCSU. After mechanical alloying for long periods
( >20h) in air, large oxygen conctntrations were measured
in the Nb-Sn powder [2.0 wt. % (11.3 at. %) to 4.7 wt. %
(23.3at. %) ]. After milling for long times ( > 50h) samples
loaded in an argon glove box, the oxygen content was found
tobe 0.8 wt. % (4.8 at. %) to 1.3 wt. % (7.6 at. %), some-
what greater than in the as-received powders; 0.4 wt. % (2.4
at. %) to 0.6 wt. % (3.6 at. % ). While the oxygen concen-
trations are high, at least for the samples loaded in argon,
they are not at the level of oxides. The nominal bulk compo-
sitions of Nb and Sn were confirmed by the electron micro-
probe.

A sequence of x-ray diffraction intensities are presented
in Fig. 2 for Nb - 25 at. % Sn powder loaded under argon and
mechanically alloyed for times from O to 100 h with the steel

milling media. After mechanical alloying (MA) for 3 h all
the diffraction lines for bcc Nb and tetragonal Sn are still
apparent, although broadened. After 12 h of MA the (200),
(210), (211), and (321) lines of the A15 Nb;Sn structure
are observed in the forward reflection region. The (210)
A15 line may also contain intensity of the remaining Nb
(110) line, since residual intensity of the second strongest
Nb line, (211), is still observed. After 27 h of MA the inten-
sities of the A15 (200) and (211) lines have increased rela-
tive to the (210) line and the remaining resolvable Nb (211)
has decreased considerably. After 63 h of MA no Nb lines
are visible and only small remnants of the A 15 lines are visi-
ble above the broad diffraction maximum typical of an amor-
phous structure. After 100-h MA the diffraction pattern
shows mainly the broad maximum of an amorphous struc-
ture.

The kinetics of the structural development in Nb -25
at. % Sn by MA were a function of the milling media and the
environment. The effective scattering length d calculated
from the width of the most intense diffraction line by the
Scherrer relation, and the shift in peak position, 26, of this
line, can be used to follow the MA kinetics. These data are
listed in Table I.

The structural development with milling time was not

_homogeneous. That is, at a given time a mixture of phases

was present. The sequence of structures with milling time
were as follows: first, elemental powders + A15 phase; then
elemental powder + Al5 phase + amorphous structure;
then A15 + amorphous; and finally, mainly amorphous.
The lattice parameter for the A15 phase was calculated
from the measured peak positions of the strongest lines;
(200), (210), (211), and (321). The calculated lattice pa-
rameter for the samples milled under argon with tungsten
carbide media was 0.529 4 0.001 nm, in excellent agreement
with literature values for bulk A15 Nb, Sn,!? in spite of the
significant line broadening. The powder milled under argon
with the steel media, however, exhibited expanded lattice

TABLE I. Structural changes as a function of milling time for Nb-25 at. % Sn powder.

Effective
26 (deg) for scattering
Milling Milling maximum length d Observed
conditions time (h) diffraction peak (nm) phases
Argon 4 38.3 7.65 Nb, Sn
Tungsten carbide 16 37.8 6.0 Nb, Sn, AlS
22,5 37.8 5.25 Als
58 37.8 35 AlS5, Amorph.
104 37.8 2.33 Amorph., Al5
150 37.2 1.39 Amorph.
170 37.2 1.16 Amorph.
Argon 3 38.4 12.4 Nb, Sn
Steel 12 37.8 6.37 Nb, A15
27 37.0 3.50 A1S5, Amorph.
63 36.8 1.55 Amorph., A15
100 37.1 1.04 Amorph.
Air 1 38.4 139 Nb, Sn
Steel 6 38.2 5.87 Nb, Al15
15 37.8 301 A15, Amorph.
20 37.4 1.40 Amorph.
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parameters witha, = 0.531 4+ 0.001 nm after 12 h of milling
and a, = 0.541 + 0.002 nm after 27 h. The oxygen levels in
both sets of samples milled under argon were comparable;
however, the samples milled with the steel balls and vial
contained significant quantities of iron impurities, incorpo-
rated from the milling media. Iron concentrations measured
by electron microprobe analysis were 2.0 at. % after 12 h of
milling and 4.6 at. % after 27 h. We conclude that iron is
responsible for the observed increase in a,. This apparent
expansion of the lattice of Nb,Sn by iron incorporated by
mechanical alloying is in contrast to the results of Caton,'*
who measured a contraction of the A15 Nb; Sn lattice with
iron additions from 0.5291 nm (0% Fe) to 0.5278 nm (5
at. % Fe) in sintered material. This latter result is consistent
with the smaller atomic radius of iron (0.127 nm) compared
to Nb (0.147 nm) and Sn (0.155 nm ).’ Since it seems clear
that the incorporation of iron is responsible for the observed
lattice expansion of the A 15 phase in our mechanically al-
loyed Nb, Sn, we conclude that the iron must be present in
the Nb, Sn lattice in a nonequilibrium, perhaps interstitial,
arrangement.

The significant line broadening of the A15 structure
Bragg maxima suggests a high defect concentration intro-
duced by mechanical alloying. In turn, this implies the oc-
currence of extensive pilastic deformation in nominally brit-
tle A15 Nb,Sn under the stress/strain conditions existing
during mechanical alloying. The evidence for a highly de-
fected A 15 structure is consistent with our hypothesis'® that
amorphization of intermetallics by mechanical alloying oc-

curs when the defects introduced raise the free energy of the
crystalline intermetallic to that of the amorphous state.

In summary, mechanical alloying of pure crystalline
niobium and tin mixtures, at the Nb,Sn composition, has
been carried out as a function of milling time. A heavily cold-
worked crystalline A 15 phase forms initially and eventually
transforms to the amorphous state.
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Strained-layer resonant tunneling structures of pseudomorphic GaAs-AlAs-In, o, Gag o, As-
AlAs-GaAs are studied both experimentally and with a simple quantum mechanical model.
The energy spectrum of the unbiased structure includes the usual resonant states and also
bound states due to the narrow-band gap InGaAs well. Strong tunneling (and negative
differential resistance) are observed for the resonant states. We observe for the first time
tunneling associated with a ‘““bound-state” energy level which result in a zero differential
conductance feature. Qualitative agreement between the experimental and calculated results

are shown.

Negative differential resistance (NDR) in double-bar-
rier quantum-well structures' has been investigated for high-
frequency devices®™ and to understand the tunneling mech-
anisms, Fabry-Perot' or sequential.®’ There have been a
number of experimental®'? and theoretical'>~'® works on
the study of resonant tunneling transport in lattice-matched
AlGaAs-GaAs and AlAs-GaAs double-barrier structures.
With respect to other material systems negative differential
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resistance in double-barrier resonant structures of strained-
layer GaAsP-GaAs (Ref. 17) and multiquantum wells of
lattice-matched AlinAs-GalnAs (Ref. 7) has been reported
at cryogenic temperatures. In a previous paper!'® and in Ref.
19 it is pointed out that the resonant tunneling voltages can
be adjusted by varying the depth of the InGaAs well in an
AlGaAs-InGaAs strained-layer double-barrier structure,
while holding constant all other thickness and composition
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