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INTRODUCTION

Research Highlights is the seventh in a series of annual reports of significant research
accomplishments supported by the Physics Division of the Army Research Office. Several
months ago, the Division's Principal Investigators were solicited to submit a succinct descrip-
tion of exciting research accomplishments. The research results described here were selected
from those submissions. We feel these brief descriptions provide excellent examples of
significant scientific advances.

ARO publishes a number of program descriptions: the ARO in Review, ARD ~Science to
Shape the Future of the Army, and a Division Report of Active Projects List. The Research Highlights
has a format and utility unique among these publications. Research Highlights provides a
detailed, but understandable, exposition of a handful of the most exciting accomplishments
sponsored by the ARO Physics Division during the preceding year. It is distributed at the
annual Physics Division Program Review, sent to the Army laboratories, and mailed to all
current Physics Division Principal Investigators. The number of accomplishments described
in Research Highlights is intentionally limited to a small number; however, we utilize excerpts
from all of the submissions to construct briefing materials for the upper levels of Army and
DoD management and Congress.

. Wewould like to thank all the Principal Investigators who contributed submissions for
this document.

Andrew Crowson
Director
Physical Sciences Directorate
Army Research Office
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High Power InAsSb/InAsSbP Laser Diodes

Emitting in the 3 ~ 5 uym Range

M. Razeghi

Center for Quanntuem Devices - Northwestern University

Mid-infrared laser diodes (A=
3 to 5 um) are the attractive
source for a wide range of ap-
plicationsranging from chemi-
cal spectroscopy, free-space
and optical fiber communica-
tion. A number of II-V semi-
conductor alloys, benefiting
from stronger covalent bond-
ing and advanced growth and
device processing technology,
have been investigated as al-
ternatives to the IV-¥land II-VI
material systems. The InPAsSb
quaternary material system is
asuitable material for thehigh
power mid-infrared lasers
with emission wavelengths of
3 to 5 um. It provides a very
favorable condition for the
carrier and optical confine-
ment due toits favorable type-
I band alignment and lower
refractive index of the higher
band gap materials, and ex-
cellent dopant incorporation
[1], thereby providing effi-
cient injection and carriers
confinement. Additionally,
extensive research has been
aimed to the realization of high
power, room temperature op-
eration of the lasers based on
InPAsSk [2,3 ], In this article,
we present the recent achieve-
ment of the high-power
InAs5h/InAsShP double hetero-
structure and multiple quan-
tum well laser diodes grown
by low-pressure MOCVD (LP-

MOCVD) for emission wave-
lengths of 3 to 5 um.

Double-heterostructure
(DH) [4 ,5 ,6] and MQW [7 8]
InAsSbP/InAsSb/InAs laser di-
odes were grown on (100) ori-
ented InAs substrate by LD-
MOCVD in an EMCORE
MQOCVD reactor. The DH
structure consists of a 1.0 pm
thick undoped ternary active
region InAsSb centered be-
tween two 1.3 um thick
InAsSbP cladding layers: Sn-
doped (10*cm®) and Zn-doped
(10" em?), respectively, and a
p*-doped InAs cap layer. The
active region of the MOQW la-

sers consists of 10 compres-
sively strained quantum wells
of InAsSb, embedded in a
1 wm thick InAs layer whichis
surrpunded by 1.2 pm thick n-
and p-InAs Sb P, = cladding
layers. All layers except for
the compressively strained
InAsSb, layers are lattice-
matched to the substrate.
Broad-area laser diodes were’
fabricated using lift-off pro-
cess, in which the cap Iaym: 15
etched away between the
metal contact stripes com-
posed of Ti/Pt/Au. Thermal
treatment of the ohmic con-
tacts was performed at el-
evated temperatures to obtain
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Figure I. P-Icurve for CWand pulse mode of InAsSh/AnPAsSh DH laser
(A= 3.2 um) W=100um, L=1,205 ym, and power in mW.
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sl 2 low-resistance of 0.2 Q at

79K. This represents the low-
est contact resistance reported
by 3.2 um lasers. Light-cur-
rent characteristics were mea-
sured inboth continuous wave
(CW) and pulse-mode opera-
tions with lasers mounted in-
side a cryostat to facilitate a
range of temperature opera-
tion. ' '

Figure 1 shows the current-
light characteristics of the
InAsSh/InPAsSh DH lasers,
Peak output powers of 540 mW
and 240 mW were obtained
from the DH lasers at pulsed
mode and CW operations, re-
spectively, at & = 3.2 ym. It
shows no significant differ-
ence between differential effi-
ciencies 1, in CW and pulse
mode operations for the opti-
cal power lower than 230 mW.
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Figure 2...:1{ a} P-f eurve for laser bar array with L = 700um and A = 3. 2um showing 3 W.
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The differential efficiency 7,
for this wavelength was de-
termined by to be 83 %, with
P-I curve showing no sign of
any nonlinearities or kinks.
The maximum power in most
of the devices was limited by
our autemated current driver.
The laser operated up to 220 K
with an output power of L mW
{at]l~9.5 A}, The internalloss
of these InAsSh/InAsSbP DiH la-
sers is determined by measur-
ing the differential quantum
efficiency of the diodes at sev-
eral cavity lengths and was
determined to be 3.3 cm?,
which is to the best of our
knowledge the lowest ever re-
ported. Additionally, DH
InAsSbP/InAsSb/InAs high

_power laser array bars have

been demonstrated inpulse for
3.2 um lasers (Figure 5a) with
far-fields as narrow as 12°

(FWHM) as shown in Figure
2¢. {Highest cutput power re-

ported at this wavelength).

Figure 3 shows P-I curves of
the InAsSb/InPAsSb MQW la-
serswith emission wavelength
of 3.6 um measured between
T =78 and 155 K. The differ-
ential efficiency remains above
70 % up to 155 K. Such high
values of differential efficiency
for the wide range of tempera-
tures up to 135 K, to the best of
our knowledge, had not been
obtained from lasers based on
conventional inter-band tran-
sition for A> 35 pm. Maximum
output power (frem two fac-
ets} up to 1 W was obtained
from a MOW laser with stripe
width of 100 pm and cavity
length of 700 pm for emitting
wavelength of 3.65 pmat 90K
{Figure 3}. The output power

is, to the best of

2 our knowledge,

(A £ the highest

3 InASEP S power reported

InAsSh % fromlaserdiodes
(n) InAsStP ©  for the wave-

o) e lengthrange. The

— o (b} %ulstrsat_e lasers were
' bonded p-side-

N T up because of
5 od © lack of available
% . currentconfining
:2.{: _'M 1 technologies for
F1g waal 3 > ] low energy gap
g4 -1 26= & ‘ materials. Cur-
=1 rent confinement
0% =a AR TO 1 by deposition of
a & ril L 5102 Iaj,rers is ex-

(b) Schematic of laser bar array. (c) Far-Field for laser bar array.

B0 -8 - -20 0 20 4O &0 &0
FarFidd Ange Heg]

pected to enable
p-side  down
bonding and con-
sequently even

-

FHYSIGS DIVISION 23

CENTER FOR QUANTUM DEVICES



THE FIRST DECADE — QUANTUM DEVICES

InAsShinAs MW

_'_[gticat EG_WE r gmw ] =

185K
; I ) = )
0.0 05 1.0 1.5 20

Curert [A]

Figure 3. P-I curves of mAsShinAs
InPAsSb MOW lasers, L=1200 pm,
W=100 pm. Pulsed: & ps, 200 Hz.

higher-power and/or higher-
temperature operation.

Forwavelengths longer than
4 um, we have extended the
emission wavelength by in-
creasing Sb compositionin the
quantum well. The resulfant
increase in compressive strain
of the quantum wells makes
the growth of high quality
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Figure 4; P-I curve and emitting
spectrum of an InAsSb/InAsAnFAsSh
MOW larer.
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InAsSb active region even
more difficult. Nevertheless,
high luminescence-efficiency
light sources were grown. Fig-
ure 4 shows the electrolumi-
nescence spectra of primary
MQW InAsSb/InAs,/InPAsSb
structures with emission
wavelengths of 5 pm, with
maximum powers of around
1 uW. The bright and nar-
row-width electrolumines-
cence from the primary MOW
structures present the prom-
ising potentials of the MOCVD-
grown InAsSb/InPAsSb
heterostructures for the mid-
infrared lasers for deep mid-
infrared ranges.

References

[11 A. A, Allerman, R M. Biefeld,
and 5. R. Kurtz, Appl. Phys. Lett.
69, 465 (1996); C. A. Wang, L F.
Jensen, A. C. Jones, and H. K.
Choi, Appl. Phys. Lett, 68, 400
{1996)

[2] H.K.Choi, G W. Turmer, M. .
Manfra, and M. K. Connors,
Appl. Phys. Lett. 68, 2936 (1996)

S. R Kurtz, B N. Biefeld, A. A,
Allerman, A. J. Howard, M. H.
Crawford, and M. W.
Pelczymski, Appl. Phys. Lett. 68,
1332 (1995}

[4] ] Diaz, H. ¥i, A. Rybaltowski,
B. Lane, G. Lukas, . Wy, 5.
Kim, M. Erdtmann, E. Kass, and
M. Razeghi, Appl. Phys. Lett. 70,
40 (1997

[5] D.wu,E. Kass,]. Diaz, B. Lane,
A Rybaltowski, H.T. Y1, and M.
Razeghi, JEEE Photon. Technol.
Lett, 9,173 (1997) '

[6] 5. Kim, M. Erdtmann, D. Wu, E.
Kass, H. ¥i, ]. Diaz, and M.

24 1898 ARC RESEARCH HIGHLIGHTS

L L A
A0 AADDAEDD AR FOOD ST00 5400 EEOD

o
oy g med
| B
!
¢
i \
Jj <|1
o
LA %U"tw"ih

Wawvelangth [nm]

Figure 5. Eleciroluminescence spec-
truern of an InAsSbAnd s MOW structiere
with 4 =3 um. .

(7]

[E]

Razeghi, Appl. Phys. Lett. 69,1614
(1996)

B.Lane, I0. Wu, H. Y3,]. Diaz, A.
Rybaltowki, 5. Kim, M.
Erdtmann, H. Jeon, and M.
Razeghi, Appl. Phys. Lett. 70,1447
(1997)

B.Lane, D.Wu, A. Rybaltowski,
H. Yi, J. Diaz, and M. Razeghi,
Appl. Phys. Lett. 70, 443 (1997)

CENTER FOR QUANTUM DEVICES



