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Abstract

A novel epilayer bonding and substrate removal procedure is described for the fabrication of cleaved-cavity Fabry-Perot resonant cavity
lagets. IV—VI semiconductor multiple quantum well (MQW) structures grown on silicon host substrates by molecular beam epitaxy with a
CaF; buffer layer were successfuily transferred to the tips of an assembled array of copper bars, which were then separated after substrate
removal to cleave the epilayer structure. Scanning electron microscope images show that this bonding, substrate removal, and cleaving
procedure can be used to create {110} and {112} cleaved facets in (I11)-oriented IV—VI semiconductor epitaxial layer structures.
Photoluminescence data before and after transfer showed that the procedure did not degrade the optical propetties of the MQW structures

This technique can enable the fabrication of edge-emitting lasers with improved active region heat dissipation properties.
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1. Introduction

IV—-VI semiconductor (also known as lead—salt) diode
lasers have received much attention due to their uses in
medical diagnostics [1] and atmospheric chemistry research
[2] Their use in these applications, however, has been
limited because of the requirement to cool the laser to
cryogenic temperatures. The highest reported operation
temperatures for electrically pumped IV-VI mid-IR lasers
are 223 K in continuous wave (cw) mode for a buried
heterostructure laser [3] and 333 K in pulsed mode for a
PbS1Se/PbSe double heterostructure laser [4] In addition,
optically pumped vertical cavity swface emitting laser
structures made from IV-—V1 materials have exhibited laser
emission at 230 K in cw mode [5] and at 317 K and at 310 K
in pulsed mode [6,7]. A major reason for low cw operating
tempetatures is due to poor active region heat dissipation

* Corresponding author
E-mail address FaYLi-l@ouedu (YF Li)

0040-6090/8 - see front matter @ 2005 Elsevier B V Al rights reserved
doi: 10 1016/ 1s£2005 04 036

associated with the low thermal conductivity of the TV—VT
semiconductor or barium fluoride substrate materials [8].
An effective method for increasing cw operating tem-
peratures has been proposed and partially developed which
involves bonding an epitaxially grown laser structure to
copper and removing the growth substrate [9—11] This
allows placement of two copper heat sinks within microns of
the laser active region thus enabling nearly optimal active
region heat dissipation since copper has a much higher
thermal conductivity (398 W/m K at 300 K) as compared to
IV-VI growth substrates such as PbSe (4 2 W/m K at 300 K).
Wong et al [12] denonstrated this approach to laser
packaging by transferring InGaN multiple quantum well
(MQW) lasers grown on sapphire substrates to copper and
observing enhanced device performance. However, this
fabrication procedure is complicated in that it involves two
epitaxial Iayer transfer steps and a mirror-etching step. Rappl
et al [11] demonstrated an alternative procedure that
involves only one epilayer transfer step and a segmentation
method that produced epilayer structures with typical
dimensions for edge-emitting diode lasers. The metallurgical
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bonding procedure employed in that work, however, suffered
from poor reproducibility because it involved placing pieces
of molten indium between the gold-coated IV-VI epilayer
and copper surfaces, and insufficient indium failed to
produce a good bond while too much indium made it
difficult to remove the silicon growth substrate.

In this article, we describe a new bonding method using
Jet vapor deposited [13] and thermally evaporated metals
on the IV-VI epilayer and copper sutfaces. Scanning
electron micrograph (SEM) images of segmented structures
show that it is possible to obtain good bonding between
the IV--VI epitaxial layer and the copper with high
reproducibility. In addition, cleaved facets along (110)
and (112) planes of the transferred IV-V1 semiconductor
epitaxial structure are clearly observed making this method
suitable for fabrication of cleaved-cavity Fabry-Perot
resonant cavity lasers using (111)-oriented material. Fur-
ther development of this relatively simple laser fabrication
procedure promises to enable significant improvements in
the operating characteristics of edge emitting mid-IR lasers
based on IV-VI semiconductor materials. The laser
fabrication method demonstrated in this article is poten-
tially broadly applicable to the fabrication of other laser
devices. It should be possible, for example, to extend it to
GaN-based laser materials where the sapphire growth
substrate is removed using the laser-lift-off technique
[14] Benefits include higher reliability and light output
as recently demonstrated by Tan et al. for transferred light
emitting diode devices [15]

2. Experimental procedure
2.1 MBE growth of PbSe epilayer on Si(111)

The IV-VI semiconductor structures used in this work
were grown by molecular beam epitaxy (MBE) on Si (111)
substrates The general layer structure consisted of a CaF,
and PbggsSrge3Se buffer layer, an undoped MQW Ilayer
composed of Pbgo7S1g 635¢ wide bandgap barrier material
and PbSe well material A cap layer composed of either a p-
type Pbg ¢781p p2Se and a PbSe layer or just a PbSe layer was
grown to form a p—n junction and to prevent oxidation of
the St in the bamier layer matetials Detailed growth
parameters are listed in Table 1. Procedwes for growth of
similar structures on silicon substiates are described
elsewhere [16,17] After growth, sections of the 3-in.

diameter wafers were cleaved to produce triangular or
trapezoidal chips with an approximate area of 50 mm?.

2.2 Transfer of IV—VI MOW to copper

Fwo different bonding metallization structures were
investigated in this study. The first consisted of thermally
deposited gold (15 nm) on the MBE-grown structure and the
500 pmx 1080 pm rectangular tips of a copper bar
assembly, which consisted of 171 bars [I1], followed by
jet vapor deposited Ni (50 nm), Au (300 nm), and In—Sn
eutectic (52% In, 48% Sn) (I um) on both the gold-coated
MBE-grown structure and the copper bar assembly. An
additional layer of indium (3 um) was thermally deposited
on the metallized copper bar assembly. This metallization
structure is depicted in Fig. 1(a) The second metallization
structure consisted entirely of thermally deposited Cr
(30 nm), Au (100 nm), and Sn (2 um) on the MBE-grown
structure and Cr (80 nm), Au (100 nm) and Tn (2 um) on the
copper bar assembly. Bonding was accomplished by placing
the MBE sample metallized side down onto the metallized
copper bar assembly and heating to 200 °C (see Fig 1(b))
Care was taken to align a cleaved silicon (111) edge to be
parallel with the long edge (1080 1m) the copper bar. This
ensured close alignment of the (110} plane in the epilayer,
which is perpendicular to the (111)-oriented epilayer surface,
to be parallel with the short edge (500 pm) of the copper bat
Uniform pressure of about 500 g was applied to the backside
of the Si substrate during a 30-min heating period Upon
heating of the first structure, the In—Sn eutectic layers melt
first at 120 °C, and then the indium layer melis at 157 °C.
Heating of the second structure is expected to result in Sn
and In interdiffusion and formation of low melting point In—
Sn eutectic at the bonding interface. Adhesion between
copper and the MBE-grown stiucture, in both cases, is
promoted by indium, tin, and gold interdiffusion through the
liquid layers and formation of ImpAu, SnAu, and other
intermetallic compounds {10} Bonded assemblies were then
removed from the hot plate and cooled with the help of
flowing N; gas. The silicon growth substrate was removed
by immetsing the assembly into magnetically stirred
deionized water at room temperature as depicted in Fig
1(c) Removal took about 10 h and was successful even
though a BaF, buffer layer was not incorporated in the
MBE-grown structure, Although CaF, is 75 times less
water-soluble than BaF,, the 10-h removal time is about the
same as for when BaF, is used as a release layer [11]

Table 1
MBE growth parameters for IV— VI semiconductor multiple quantum well (MQW) laser structures on (111)-oriented silicon substrates
MOQW sample Growth substrate Buffer layer MQW structure Cap layer

CaF; (nm) PbSrSe (nm) Periods Pb8rSe (nm) PbSe (nm} PbSrSe, Bi-doped (nm) PbSe (nm)
W33l p Si(ltl) 123 3000 20 50 10 nene 10
W3st o Si(Hil) 20 140 20 20 8 1700 230
W354 p' Si(ti) 1.0 2160 28 20 12 1800 90

All PbSrSe layers have a 3% strontium concentration (Phy o751, 035¢)
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Fig | Process flow for bonding and transfer of IV —V1 semiconductor epilayer structures from sificon growth substrates to the tips of copper bars: (a) epilayer
and copper metaltization, (b) low-temperature bonding of 1V—V1 epilayer to Cu bars, (¢) Si substrate removal by immersion in deionized water, {d) gold
deposition on exposed IV—VTI epilayer surface. and (&) Cu bar separation

Possible explanations for successful substrate removal with
just a thin CaF, layer include the presence of a PbF,
interfacial layer, which is expected to exist between the
PbS18e buffer layer and the CaF, [18] and is only two times
less water soluble than Bak, For electrical characterization,
some samples were coated with a 200-nm thick layer of
thermally deposited gold deposited on the exposed p-type
PbSrSe buffer layer (see Fig 1(d)), and the screws holding
the copper bars together were loosened to allow copper bar

(a)

Fig. 2. (a) Picture of bonded IV —V1 epilayer on coppet bar assembly after
silicon substrate removal (after step (c) in Fig 1). {b) Picture of individual Fig. 3 Scanning electron micrograph images of cleaved IV—VI semicon-
copper bars tipped with cleaved segments of IV—VI semiconductor ductor epitaxial layer structures bonded to copper: {(a) W351, (b) W33L, and
material (after step () in Fig 1) (c) W3s4




