Complementary Self-Aligned
Graded-Barrier Quantum-Well Laser
L, =30A

Length = 356 um

Width = 9 pm

Pulsed Photadiode Response

Response

30 mA

Response

Drive Pulse §

FIG. 5. Pulsed photodiode response of a real index-guided complementary
self-aligned graded barrier quantum well laser. No lasing delay or transient
behavior above threshold is observed in these devices.

ide defined stripe geometry graded barrier quantum well la-
ser diodes by observing the near- and far-field patterns at
different drive pulse widths. Also, low threshold devices
have been fabricated with built-in index steps along the junc-
tion plane eliminating the long lasing delay and transient
behavior associated with thermally induced index guiding.
Stable mode behavior is observed in these devices up to 15
mW per uncoated facet.
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Correlation between the cohesive energy and the onset of radiation-

enhanced diffusion in ion mixing
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A correlation between the cohesive energy of elemental solids and the characteristic
temperature 7T, for the onset of radiation-enhanced diffusion during ion mixing is established.
This correlation enables one to predict the onset of radiation-enhanced diffusion for systems
which have not yet been investigated. A theoretical argument based on the current models of
cascade mixing and radiation-enhanced diffusion is provided as a basis for understanding this

observation.

The phenomenon of atomic mixing of thin layers by ion
beam irradiation has been the subject of numerous studies.
Several models have been proposed to account for the ob-
served mixing phenomena. It is now generally accepted that
collisional cascade’ and thermal-spike effects® are the pri-
mary factors which influence the mixing induced by energet-
ic heavy ions at “low” ambient temperatures, whereas at
“high” ambient temperatures, radiation-enhanced diffusion

*) Permanent address: Shanghai Institute of Metallurgy, Academy of Sci-
ences of China, Shanghai, People’s Republic of China.
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plays a dominant role.* There exists a narrow temperature
range which separates the temperature-independent or low-
temperature ion mixing from the Arrhenius-type radiation-
enhanced diffusion region, and this serves as a basis for de-
fining a critical temperature T, . In this communication, we
establish a correlation between 7, and the average cohesive
energy of elemental solids which are mixed. This correlation
thus enables one to predict the onset of radiation-enhanced
diffusion (7, ) for systems which have not yet been investi-
gated.
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FIG. 1. Correlation between the cohesive energy of the system and the criti-
cal temperature T, at which radiation-enhanced diffusion becomes domi-
nant. TaSi, Ref. 9; NbSi, Ref. 10; NiPt, and AuNi, Ref. 11; CrSi, Ref. 12;
AuCu, Ref. 13; AISb, Ref. 14; ErCu, Ref. 15.

The systems we have studied are W-Mo, Ta-Nb, and Pt-
Pd bilayers. The metals used have relatively high cohesive
energies,’ but each binary couple has nearly zero heats of
mixing.5 Therefore, we are able to isolate the effect of cohe-
sive energy from the possibie infiuence of a chemica} driving
force on radiation-enhanced diffusion. Furthermore, all the
5d (and 4d) elements have nearly the same atomic number
and mass, while the mass difference between the top (5d)
and bottom (44) layer of each couple is sufficient to resolve
their “He ™ backscattering signals and study the intermixing
process by backscattering spectrometry.’

Thin bilayer samples were prepared by e-gun evapora-
tion in an oil-free vacuum system at a pressure of less than
8X 10~ 8 Torr during evaporation. All bilayers consisted of a
layer of 5d element on top of a ~200-nm-thick layer of 4d
element sequentially deposited onto a SiO, substrate. The
top layer thickness was adjusted to 90% of the projected
range of 600-keV Xe * * ions. lon mixing was performed to
a dose of 5% 10'° /cm?, using 600-keV Xe* * , at substrate
temperatures of 300, 520, 630, 720, and 800 K (the highest
accessible temperature of our instrument). Samples of al}
three types were irradiated simultaneously at each specified
temperature. Backscattering analysis was performed with 2-
MeV He * ionsincident at an angle of 30° against the sample
normal and a scattering angle of 170°in the plane of the beam
and the rotation axis of the sample.

The backscattering spectra were analyzed by a fitting
routine described in a previous paper.® Within our experi-
mental resolution, there was no noticeable change in the
amount of mixing for Ta-Nb and W-Mo bilayers when the
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substrate temperature varied from 300 to 800 K. This upper
temperature thus represents the fower bound on 7, for the
Ta-Nb and W-Mo systems. A substantial increase in the rate
of mixing was detected in the Pt-Pd system as the tempera-
ture was varied from 520 to 630 K.

Additional data concerning the temperature depen-
dence of ion mixing were obtainad from the literature.® ¢ In
Fig. 1, we plot T, versus the average cohesive energy E,,, for
a variety of systems. £, is the arithmetic sverage of the
cohesive energies of the pure elements in each binary sys-
tem.® T, is defined by the intersection of the high- and low-
temperature asymptotes or the temperature range where a
substantial increase in the rate of mixing was reported. The
error bars in some cases were taken to be the temperature
steps of the experiment where radiation-enhanced diffusion
was observed. The Ni-Si system exhibits a very wide transi-
tion from the low- to high-temperature region.” T, is there-
fore not well defined, and this systsm is mot included in
Fig. 1.

A correlation between T, and E,;, as shown in Fig. 1 is
apparent. The greater the average cohesive energy of the
component layers E_ , the higher is the critical ambient
temperature T,, where radiation-enhanced diffusion be-
comes dominant. Since data in Fig. ! come from many
sources and each ion mixing experiment was performed with
different ion, energy, dose, and dose rate, we conclude that
these parameters are of minor importance compared to the
cohesive energy of the system irradiated. Furthermore, the
relationship between T, and E_;, is roughly linear as shown
in Fig. 1. All these features may be explained by the follow-
ing argument.

Phenomenologically, we can describe the behavior of
the amount of mixing versus 1/7 by an effective diffusion
coefficient of the form

D=D, + D,e” 2/ " (1)

The first term on the right-hand side is temperature indepen-
dent, and the second term has an Arrhenius-type tempera-
ture dependence, where Q is an apparent activation energy.
The first term on the right dominates at low temperatures
(cascade mixing), whereas the second term dominates at
high temperatures (radiation-enhanced diffusion).

At a temperature near T, the two terms on the right of
Eq. (1) contribute equally and

T, = (1/Ky)[In(D,/D,)]~'Q. 2)

Now, let us assume that there is a scaling relationship
between the apparent activation energy (Q) and the cohe-
sive energy of the matrix (£, ),i.e., @ =S E_,,, where S'is
a constant. This kind of scaling relationship is known to exist
in vacancy diffusion in single elements.'”'® We then obtain

T, = (S/K3) [In(D,/D.)] ™ Epgn- )

The linear retationship between T, and £, is obtained
provided that the logarithmic function varies slowly with its
argument. In concept, D, may be calculated using cascade
mixing, or thermal spike models.>* D, can be obtained from
radiation-enhanced diffusion models.'*?° We estimated the
logarithmic term Iin(D, /D, ) for several systems for which
the necessary parameters were readily available (please see
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TABLE 1. Numerical estimation of In(D, /D, ).

System MoWw AlSb AuCu CrSi NiPt NiAu
Dy(cm?/s)* 4x1072° 9% 10-2¢ 2.36% 10794 1072¢ 2.6x107°f 1.4%x1077f
E (eV)® 40 16.5(Al) 28 21 30 30
(dE /dX), (eV/A) 500(Xe* *) 35(Ar*) 280(Kr™) 350(Xe*) 570(Xe*) 550(Xe™)
D,/D} 2.8%10° 107 22x10* 1.2x10° 5.7x10% 43x10°
In(D,/D,) 15 16 10 14 6.3 8.4

* Frequency factor D, of thermal-diffusion coefficient.

® Diffusion Data, edited by F. H. Wohlbier, Vol. 6 (Trans Tech S.A., Aadermannsdorf, Switzerland, 1972), p. 206.

¢A. D. LeClaire, J. Nucl. Mater. 69/70 (1978), p. 71.

9 Diffusion Data, Vol. 12, edited by F. H. Wohlbier (Trans Tech S.A., Aadermannsdorf, Switzerland, 1976), p. 233.

© Diffusion Data, Vol. 4, edited by F. H. Wohlbier (Trans Tech S.A., Aadermannsdorf, Switzerland, 1970), p. 415.

f Diffusion Data, Vol. 35, edited by F. H. Wéhlbier (Trans Tech S.A., Aadermannsdorf, Switzerland, 1984), p. 165.

& Average displacement energy E, = (E, + E;)/2 for each 4-B system. E, and E are obtained from H. H. Anderson, Appl. Phys. 18, (1979), p. 131.
" Energy deposited per unit path length due to nuclear collision, estimated from J. P. Biersach and J. F. Ziegler, Jon Implantation Technigues, edited by H.

Ryssel and H. Glawisching (Springer, Berlin, 1982), p. 122.
i D, r 6 aDOEd vz

2 )1/2
D, At (0.811’ (R,,v(dE/dX )¢

where 12~ 100 A2, @~0.025, R,~10A ¢~3%10"ion/cm’s~3X 1077 ion/A?s (see Ref. 20).

Table I). Despite the fact that the factor (D,/ D, ) varies by
four orders of magnitude, the logarithmic term remains
within 47% from its mean value {In(D,/D.)]1,.. = 11.6.
From the estimated slope of the line in Fig. 1 ( ~ 100 K/eV),
and [in(D,/D,)],.., we obtain S~0.1, i.e., Q~0.1E,,
from Eq. (3).

Using the scaling relationship for the vacancy migration
energy E™ = = 0.24E,,,,"” together with a proposed model
for radiation-enhanced diffusion in which the activation en-
ergy is half of the vacancy migration energy,'*?° we obtain
Q0~0.12E . Thus, we conclude that our experimental ob-
servation and theoretical interpretation are consistent with a
picture of radiation-enhanced diffusion due to vacancy mi-
gration. A similar conclusion has also been reached from a
different approach.?’

A remarkabie feature of this correlation is that it in-
cludes both metal-metal and metal-silicon systems. For both
cases, the mixed layer is metallic. Furthermore, the correla-
tion is structure independent. The mixed layers can be metal-
lic solid solutions (e.g., Pt-Ni), metallic compounds (e.g.,
Co, Si), or amorphous metallic alloys (e.g., Cu-Er). We be-
lieve that for the case of metallic systems, the formation and
migration enthalpies of vacancies (holes in the case of amor-
phous material) are determined mainly by the local atomic
environment and corresponding interaction potentials and
not by the long-range order of the system.

In summary, we have demonstrated a correlation
between the cohesive energy of the system and the character-
istic temperature range for the onset of radiation-enhanced
diffusion. A simple argument based on the current models of
cascade mixing (or thermal spikes) and radiation-enhanced
diffusion provides a basis for understanding this observed
correlation. Both the experimental observation and the theo-
retical interpretation are consistent with 2 model based on a
vacancy mechanism for radiation-enhanced diffusion. We
view the experimentally observed correlation between T,
and cohesive energy, and the theoretical arguments, as valid
only to a lowest-order approximation. Further investiga-
tions on the influence of the ion irradiation parameters (en-

2617 J. Appl. Phys,, Vol. 60, No. 7, 1 October 1986

ergy, dose, dose rate), and the structure of the matrix will be
required for a more critical evaluation of the dependence of
T.onkE_,.
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