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Intt&:]ction:

The Laser-Materials Interaction Laboratory at the Center for High Technology
Materials of the University of New Mexico is devoted to the study of a broad range of
laser spectroscopic probes of semiconductor and nonlinear-materials, fabrication
processes and optoelectronic devices. Much of this work is being carried out in
conjunction with the Optoelectronics Research Center Program at CHTM which is also
partially funded by the Air Force Office of Scientific Research. Significant progress has
been made in this reporting period in a number of areas including: laser-induced photo-
degradation of the GaAs surface, studies of grating-coupling into surface-plasma modes
at a metal-dielectric interface, electro-~optic and nonlinear optical effects in PLZT thin
films, and resonant-periodic-gain surface-emitting semiconductor lasers. Brief synopses
of this work are presented here. More details are provided in the attached reprints and

preprints. j};f"\‘ &

Laser-Induced Degradation of the GaAs Surface

Last year, a careful study of the photodegradation of the photoluminescence
efficiency for freshly cleaved GaAs 110 surfaces and the first observation of a Raman
signature associated with the passivation of the surface with an aqueous NasS solution
were presented. This work has continued with additional measurements of the
passivation process. Additionally, related measurements of the ultraviolet
photodegradation of the GaAs surface were obtained in a program on the development
of high-speed uv-photomixers supported by the Naval Research Laboratory. A verv
dramatic, irreversible decrease in the detector quantum efficiency was observed under
irradiation by the uv-local oscillator at comparable intensities to those used in the
photodegradation experiments.

Publications:

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, and J. G. Mclnerney

Degradation of the Photoluminescence Efficiency of GaAs under Low Intensity Laser
Irradiation

MRS Proceedings: Advanced Surface Processes for Optoelectronics,

T. Venkatesan, S. Bernasek, G. Stillman, and H. Temkin, eds.

(Materials Research Society 126 265, 1988)

Grating-Coupling into Surface Plasma \Waves

Work has continued on experimental and theoretical studies of the coupling of
optical waves into waveguides and guided surface plasma waves using submicrometer
gratings. Experimentally, grating periods ranging from 330 nm to 800 nm and depths
from several Angstroms to approximately one pm have been investigated.  This
parameter range spans both single and multiple-order coupling into the surface plasma
wave mode, coupling efficiencies in excess of 95%, and saturation and eventual decrease
in the SPW coupling due to reradiation effects. For deeper gratings, SPW effects are
eliminated and polarization and absorption effects become dominant. This work
represents the first observation of strong polarization effects for nearly square grating
profiles in the visible spectral region.

Theoretical efforts have been devoted to evaluating the scattered, coupled fields

within the Rayleigh hypothesis without making any small-signal perturbative
approximations. Excellent agreement with the experiments is obtained for grating

figp,




depth/grating period ratios as large as 0.4 and qualitative agreement for ratios up to
unity. Good agreement has been demonstrated between this relatively simple model and
more complex, integral formulations of the vector boundary value problem that involve
substantially more complex analytical and numerical evaluations and provide a less
satistactory physical interpretation.

Publications:

Saleem Zaidi, M. Yousaf and S. R. J. Brueck

Grating Coupling to Surface Plasma Waves [ - First-Order Coupling
in preparation (draft attached)

Presentations:

S. H. Zaidi and S. R. J. Brueck

Interaction between Surface Plasma Waves and TM-Guided Modes in Metal-Clad
Dielectric Waveguides

OSA Annual Meeting, 1988

San Jose, CA
S. H. Zaidi and S. R. J. Brueck
Optical Characteristics of Deeply Modulated Gratings cession For I
OSA Annual Meeting, 1988 [S GRaA:I
San Jose, CA IC TAB
nnounced
S. H. Zaidi, M. Yousaf, and S. R. J. Brueck 3t1f10ation\
Interactions between First and Second Order Couplings to Surface Plasma Waves
To be presented at LEOS Annual Meeting, 1989 By____
Orlando, FL DIStribution/

T ————
S. H. Zaidi, M. Yousaf, and S. R. J. Brueck ﬂ];ability Codes

First Order Coupling to Surface Plasma Waves Dist Avail ang/or T
To be presented at LEOS Annual Meeting, 1989 Special

Orlando, FL

-
PhD Thesis: w / \
Saleem Hussain Zaidi —
An Investigation of Holographic Grating Fabrication and Optical Coupling to Surfac

Plasma Waves
Department of Physics, University of New Mexico, 1989

Nonlinear Optics of PLZT Thin Films

Investigations of electro-optic and nonlinear optic effects in PLZT thin films
have been carried out. Films are deposited on a variety of substrates including SiOg,
Si0,/Si, Si, GaAs, and Al;0s. Highly-oriented films with the 100 direction normal to
the film are routinely achieved for PLZT 28/0/100. This composition is on the
boundary between cubic and tetragonal ferroelectric phases and exhibits a quadratic
electrooptic effect. Measurements have been carried out in a transverse electrode
configuration with the optical beams propagating through a 0.5 pm film. Major
characteristics include: a2 measured 40:1 contrast ratio for birefringence transmission;
maximum measured Dn of 0.18 at a 200-V bias across a 15-um gap (this is several times
larger than the Dn for LiNbOs at this same field strength; birefringence switching speed
of less than 2 ns, instrumentation-limited measurement; contrast ratio of 900:1 for




electric-field induced second-harmonic generation in the same geometry. Higher-order
photorefractive effects have been observed in these films and are exhibited as a long
time decay of the second-harmonic signal under continuous irradiation and applied
fields. Modeling of this phenomena is underway.

Publications:

A. Mukherjee, S. R. J. Brueck and A. Y. Wu

Electric-Field Induced Second-Harmonic Generation in PLZT
Optics Communications (submitted)

A. Mukherjee, S. R. J. Brueck and A. Y. Wu
Electrooptics of Thin-Film PLZT
Optics Letters (submitted)

Presentations:

A. Mukherjee, S. R. J. Brueck and A. Y. Wu

DC-Field Induced Second Harmonic Generation in PLZT 9/65/33
OSA Topical Meeting on Nonlinear Optical Properties of Materials
Troy, NY (August, 1988)

A. Mukherjee, S. R. J. Brueck and A. Y. Wu
Electrooptics of Thin Film PLZT

CLEO’89

Baltimore, MD (April, 1989)

S. R. J. Brueck

Nonlinear Optics of PLZT Thin Films
Seminar

Sandia National Laboratories
Albuquerque, NM (1989)

Resonant-Periodic Gain Surface-Emitting Semiconductor Lasers

Last year, the first operation of a resonant periodic gain laser media, in which
the quantum-well gain regions are spaced by one half the optical wavelength, was
reported. Substantial progress has been made in this reporting period. Initial samples
were MBE material supplied by Sandia National Laboratories, subsequent samples have
been grown by MOCVD at CHTM. A major improvement has been the incorporation of
quarter-wavelength resonant multi-layer resonator reflectors as part of the growth
process. With estimated reflectivities of over 99%, these mirrors have led to dramatically
reduced threshold intensities and continuous operation of these devices. Power
conversion efficiencies of over 45% and cw-output powers of over 30 mW have been
achieved. Substantial effort has also gone into modeling these resonator structures and
the overall device behavior. This work is continuing with efforts on high speed
dynamics, electrical pumping, and new materials systems (InGaAs/GaAs).

Publications:

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, J. McInerney, T. M. Brennan
and B. E. Hammons

Novel Wavelength Resonant Optoelectronic Structure and its Application to Surface-
Emitting Semiconductor Lasers

Electronics Letters 24, 1140 (1988)

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, J. McInerney, T. M. Brennan
and B. E. Hammons




Surface-Emitting, Multiple Quantum Well GaAs/AlGaAs Laser with Wavelength

Resonant Periodic Gain Medium
Appl. Phys. Lett. 53, 1678 (1988)

C. F. Schaus, H. E. Schaus, S. Sun, M. Y. A. Raja and S. R. J. Brueck

MOCVD Growth of GaAs/AlGaAs Wavelength-Resonant Periodic-Gain Vertical-Cavity
Surface-Emitting Laser

Electron. Lett. 25, 538 (1989)

C. F. Schaus, M. Y. A. Raja, J. G. Mclnerney, H. E. Schaus, S. Sun, M. Mahbobzadeh,

and S. R. J. Brueck

High-Efficiency cw Operation of MOCVD-Grown GaAs/AlGaAs Vertical-Cavity Lasers
with Resonant Periodic Gain

Electron. Lett. 25, 637 (1989)

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, J. G. Mclnerney, T. M.
Brennan and B. E. Hammons

Resonant-Periodic-Gain Surface-Emitting Semiconductor Lasers

IEEE Jour. of Quantum Electron. QE-25, 1500 (1989)

S. R. J. Brueck, M. Y. A. Raja, M. Osinski, C. F. Schaus, M. Mahbobzadeh, J. G.
Mclinerney and K. J. Dahlhauser
Optical Cavity Design for Wavelength-Resonant Surface-Emitting Semiconductor Lasers

SPIE Proc. 1043, Diode Laser Technologv and Applications 111-122 (1989)

Presentations:

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, J. G. Mclnerney, T. M.
Brennan and B. E. Hammons

Wavelength-Resonant, Surface-Emitting Semiconductor Laser: A Novel Quantum Optical
Structure

LEOS Annual Meeting

Santa Clara (1988)

S. R. J. Brueck

cw Operation of Surface-Emitting Lasers
IEEE Workshop on Diode Lasers’ 1989
Baltimore, MD

M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, J. G. Mclnerney, T. M.
Brennan, B. E. Hammons

Surface-Emitting Lasers: A Comparison of Resonant Periodic Gain and Conventional
Structures

Conference on Lasers and Electro-Optics, 1989

Baltimore, MD




C. F. Schaus, S. Sun, H. E. Schaus, M. Y. A. Raja, J. G. Mclnerney, S. R. J. Brueck

300 K cw Operation of MOCVD Grown Optically Pumped GaAs/AlGaAs Resonant
Periodic Gain Vertical Cavity Lasers with 45% Efficiency

Conference on Lasers and Electro-Optics, 1989 (postdeadline paper)

Baltimore, MD

S. R. J. Brueck, M. Y. A. Raja, M. Osinski, C. F. Schaus, M. Mahbobzadeh, J. G.
Mclnerney and K. J. Dahlhauser

Optical Cavity Design for Wavelength-Resonant Surface-Emitting Semiconductor Lasers
SPIE Meeting Di Laser Techno! nd Applications (1989)

(invited paper)

S. R. J. Brueck

Surface-Emitting Semiconductor Lasers
Seminar

MIT Lincoln Laboratory

United Technologies Research Center
Polaroid Corporation

Bell Communications Research

IBM General Products Division

M. Y. A. Raja

Resonant Periodic Gain Surface-Emitting Semiconductor Lasers
Seminar

Carling Laboratories, Ottawa, Ontario, Canada

Rutgers University, Rutgers, NJ

M. Y. A. Raja, A. Mukherjee, M. A. Mahbobzadeh, C. F. Schaus, and S. R. J. Brueck
Dynamics of Resonant Periodic Gain GaAs/AlGaAs Surface-Emitting Lasers under
Picosecond Optical Excitation

To be presented at LEOS Annual Meeting, 1989

Orlando, FL

M. Y. A. Raja, J. G. Mclnerney, C. F. Schaus, S. R. J. Brueck, H. E. Schaus, and S. Sun
Transverse Mode Structure of Optically Pumped Resonant Periodic Gain Semiconductor
Lasers

To be presented at LEOS Annual Meeting, 1989

Orlando, FL :

PhD Thesis

Mohammed Yasin Akhtar Raja

Optically Pumped, Wavelength-Resonant Surface-Emitting Semiconductor Laser
Department of Physics, University of New Mexico, 1988
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DEGRADATION OF PHOTOLUMINESCENCE EFFICIENCY IN Gaas
UNDER LOW INTENSITY LASER IRRADIATION

M. Yasin A, Raja, Steven R. J. Brueck, Marek Osinski, and Joha G. Mclnerne:

Center for High Technology Materials, University of New Mexico, Atbuquerque, NM 87131

ABSTRACT

We report temporal measurements of bandgap photoluminescence (PL) from GaAs surfaces
under low-intensity CW laser excitation. We have observed slow PL degradation in n-tape.
p-tvpe and semi-insulating (Cr-doped and LEC-grown) samples, and have fit the data t0 a
simple power law. Calculations indicate a significant contribution from the bulk materiat,
possibly via recombination-enhanced generation or migration of non-radiative centers. The
effectiveness of various methods of surface treatment (photowashing, deposition of epitaxial
AlGaAs, spin-coating with organic and inorganic sulfide films) has been assessed. One spe-
cific technique, involving coating with sodium sulfide, is effective in enhancing the PL effi-

ciency and suppressing the degradation, but these effects are not permanent.

INTRODUCTION

Recently, excitation photoluminescence (PL) spectroscopy has attracted considerable
interest in the context of photowashing {1-4] of GaAs. Interpretation of these experiments,
howevar, is impeded by incomplete understanding of the origin of non-radiative centers,
which are believed to cause laser-induced degradation of PL efficiency in GaAs {3-8]. The
performance of GaAs optoelectronic devices is adversely affected {8-9] by these non-radia-
tive centers and traps. Better understanding and control of surtface PL degradation
mechanism in GaAas under low-power excitation could lead to improved device performance
and surface passivation techniques [10-11].

Previous studies of PL degradation under laser excitation (5-7] give an incomplete
and inconsistent picture. Suzuki and Ogawa (5] attribute PL degradation phenomena in GaAs
to surface oxidation. Other authors [6,7] proposed laser-induced defect production at the
surface of p-GaAs, while conflicting data are found in the literature on n-GaAs, indicating
the presence {5} or absence [6-7) of laser-induced PL degradation. None of the above
experiments [5-7) used a large variety of samples i.e. n-GaAs, p-GaAs, doped and undoped
semi-insulating GaAs.

We have undertaken a systematic and comprehensive investigation of PL degradation
in both treated and untreated GaAs [12]. Careful experimental studies of PL degradation in
freshly cleaved n-GaAs (Si-doped), p-GaAs (Zn-doped), Cr-doped semi-insulating (SI) and
liquid-encapsulated Czochralski-(LEC-) grown GaAs all revealed qualitatively similar
behavior. All samples exhibited FL degradation for excitation intensities ranging from ~ 0.1
to 20 kW/cm®. No intensity threshold for PL degradation was observed, but all samples
showed an intensity-dependent period of relatively constant PL efficiency followed by a

Mat. Aes. Soc. Symp. Proc. Vol. 126 * 1988 Materials Research Sociely




power-law decay. We also observed, for the first time, at least two regimes in rapid PL
degradation: a fast decay occurring in 1-2 seconds immediately after a surtface was freshly
cleaved, and a relatively slower degradation occurring over several minutes at a rate which
depended on the excitation intensity.

Here, we report an extension of our earlier investigations {12] 10 include GaAs
surfaces treated by photowashing [1-4] or by application of organic or inorganic sulfide
coatings [10). For completeness, we have also investigated the PL degradation behavior of
expitaxially grown Al Ga, As/GaAs interfaces and multiple quantum wells (MQWs) [13].
Our results suggest that a common physical mechanism probably related 1o recombination-

enhanced defect generation or migration, is responsible for the PL decay.

EXPERIMENT

All of our experiments were carried out at room temperature in air or N,-rich
ambient. For most experiments the 514.5 nm line of an Ar-ion laser was used, but other
lines including 488 and 457.9 nm were also used for comparison. The laser power was varied
using neutral density filters. A 10x microscope objective was used both to focus the incident
beam (9 - 10 pm diameter) onto the sample and to collect the PL. while another lens was
used to match the monochromator f-number.

To probe the (110) surface of GaAs. various samples were cleaved /n-situ and data
collection began within 100 ms after cleaving. The monochromator was set to the peak of
the room temperature PL. The detection apparatus included a cooled photomultiplier with
photon counting electronics and a computer-controlled data acquisition system.

To investigate spectral changes, if any, during the PL degradation under laser excita-
tion of GaAs, we also took successive spectral scans using an optical multichannel analyzer
(OMA).

Photowashing of some GaAs samples was accomplished according to the procedure
outlined in (1), though PL measurements could not be done in-situ. The photowashed sam-
ples were removed from the spinner to the PL measurement setup, the time lapse before PL
data collection being ~ 2-3 minutes.

The deposition of sodium sulfide nano-hydrate (Na,S.9H,0) films [10] involved the
spinning (5000 rpm) of a IM solution in deionized water onto the (100) surface of the GaAs.
Before a sulfide film was spun on, the GaAs surface was cleaned using a standard procedure
involving organic solvents, rinsing in deionized water and light etching in H,0.:NH OH:H,0
(1:1:50). As for photowashing, the sample was transferred from the spinner to the PL setup

within a few minutes. We also deposited some organic sulfide films using spun-on thiourea.

RESULTS

We have observed, for the first time, two PL degradation regimes for freshly cleaved
p-GaAs and n-GaAs (110) surfaces. Fast decay occurring in few seconds was exhibited only
by the in-situ cleaved p- and n-GaAs in an N, atmosphere. All untreated samples showed
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an intensity- and doping-dependent slow PL degradation upon irradiation with photons of
sufficient energy to excite electron-hole pairs, on a time scale of several minutes. Irradiation
with 1.06 um light for more than 45 minutes had no effect on PL efficiency, and
degradation began only when the 514nm probe beam was applied. The degradation was
clearly a consequence of laser irradiation. Once an area had been degraded,
photoluminescence efficiency did not recover upon removal of irradiation; PL decay simply
resumed with reapplication of the pumping light.

Figure | shows PL decay observed from the (110) surface of LEC-GaAs sample at
several laser intensities. The points are the experimental data, and the solid line is a fit to a
power law of the form:

Cy=3(t+t)T+C n
where C(1) is the PL signal at time t, C__ . 114 RWIcm’”[“ 2.0 kW/em?
its eventual steady state, v an adjustable , B y ',
intensity-dependent decay rate and t ;0 \\1 10°
: H ~
|

and 3 are fitting parameters. The dawaa

from all four untreated sampie types do 10‘: \ ’f 4.1 kW/em?
not obey a simple exponential decay, but g‘; AN 10
rather follow the power law (1), with : \t \
10°; i ‘10°
1 100
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10 100
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was no noticeable change in anyv spectral T T Ustas new 2 kwocm?
feature, suggesting that the PL -
degradation is 3 consequence ot produc- ‘o - _~-untreated LEC-Gaas
tion or migration of non-radiative cen- R “‘.““:'\.HA‘;\("‘N""\‘\“.aaw\\,.;_w.
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Figure 3 PL from photowashed LEC-Gaas

In Figure 3, ws show the time d2pandence of PL from a photowashed LEC-GaAs
(100) surface under low power laser excitation, an untreated sample being included for
comparison. The photowashed sample shows a higher PL efficiency and a slower degradation
rate, but the effect of photowashing is lost within 2 hours. Obviously, photowashing [!-4)
does not prevent PL degradation, but it slows down the decay rate for a short time (10].

In contrast, the results from LEC-GaAs samples coated with NazS'9H20 show much
more dramatic effects. Figure 4(a) shows the time dependence of PL at three different ex-
citation levels from LEC-GaAs with a freshly deposited film of Na ,S.9H,0. In the inset, PL
data are given for a relatively low (1.6kW/cm?) excitation; after some slight (< 10%) initial
degradation, the PL remains constant. At somewhat higher intensities, a noticeable trend
towards increasing PL efficiency can be seen. At an excitation intensity of 5.5kW/cm? the
PL signal showed a pronounced improvement before reaching a constant level, and no PL
degradation was observed on continued irradiation. However, when the same sample was
reexamined 21 hours later, PL degradation was evident at all power levels as shown in Figure
4(b). After 40 hours, the passivating effect of the sodium sulfide film was lost completely.
These results were reproducible with every fresh film of Na ,5.9H,0.
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Figure 4 Time dependence of PL
from sodium sulfide coated LEC-GaaAs

CONCLUSIONS AND DISCUSSION

The observation that all untreated GaAs sample types, showed similar intensity-de-
pendent PL degradation supports the idea that a common physical mechanism is responsible
for the degradation. The fact that the phenomenon was also exhibited by GaAs surface ex-
posed to ambient environment for long time and that only above bandgap photons can induce
degradation suggests that recombination-enhanced defect production or migration are plaving
a role [12,14-16].

However, the results from treated surfaces show that the surface clearly plays an im-
portant role in the PL degradation process. For example, no PL degradation was seen at all
in case of Al Ga, As 'GaAs interface, but when the Al Ga, As cap layer was etched away
selectively the degradation occurred. The interface between GaAs and Na:S'9H20 film re-
mains apparently fully passivated for 10-15 hours and photochemical oxide [1-4} stays effec-
tive up to several minutes only; after that the samples exhibit degradation just like untreated
GaAs. From these, one can propose that the defects and non-radiative centers produced at
the surface migrate into the bulk under recombination enhanced process. A recent report (8]
also provides a direct experimental evidence of defect migration from cladding to the active
region of a double hetrostructure light emitting diode. Moreover, our OMA scans furnish
evidence that PL degradation is caused by non-radiative centers as there was no spectral
change during degradation of room temperature PL.

We discuss our results with reference to recent models [17-19) and proposals {10].
According to Hayashi's model [17], the rapid PL degradation process initiates from the deep
levels introduced by the "dangling bond” of an anion vacancy or vacancy complex. These
deep levels result in trapping the carriers and ultimate non-radiative recombination. The
recombination events provide a mechanism of energy localization that eventually leads to the
production of other vacancies; dangling bond energy level associated with “daughter” vacancy
becomes another trap {18]. These self reproducing dangling bond levels act as non-radiative
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centers and are probably related to recombination-enhanced defect migration [14].

An other model [19] discusses the segregation of As by oxygen uptake of Ga from
As,O,, resulting in G1,0; and elemental As which affects the surface recombination velocity
in direct proportionality. However oxygen does not diffuse into the bulk (20}, only the
surface would be affected. Our previous results [12] show that in LEC and Si GaAs even the
extreme variation between zero and infinite surface recombination velocity does not account
for extent of laser induced PL degradation. The observed data can only be explained by the
hypothesis that the non-radiative centers are generated and/or migrate under recombination-
enhanced process.

Passivation resuits with sulfide films and photowashing treatment also are indicative
that dangling bonds at the surface need to be completed to stop or siow down PL
degradation. Qur results confirm that sulfur bonds {10] are relatively more effective and

stable than photooxide [1-4].
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ABSTRACT

A systematic experimental and theoretical study of first-order grating coupling to
surface plasma waves existing at an air-Ag interface is presented. The experiment
extends bevond previous work to grating depths comparable to the grating period.
Grating profiles range from sinusoidal to rectangular. For TM-polarized incident
radiation, this grating depth range includes the entire spectrum of surface plasma wave-
radiation coupling from underdamped, to nearly 100% coupling, to overdamped and the
disappearance of the resonance from the zero-order reflectance measurements. Strong
nclarizaticn and absorption effects are observed for the deepest gratings. A simple
theoratical model, based on the Ravieigh hvpothesis and retaining onlyv resonant
diffraction terms without making a small-signal approximation, provides good agreement

with the experimental results.
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1. INTRODUCTION

The study of the interaction of light with periodic structures, gratings, on metals
has a long and distinguished history. In 1902, Wood [I1] first noticed the anomalous
behavior (christened Wood’s anomalies) displayed by diffraction gratings of very large
and rapid changes in diffraction intensities for small angular and spectral variations.
Rayleigh [2-3], in 1907, presented the first theoretical explanation of these anomalies in
suggesting that such behavior was due to the cut-off or appearancev of a new spectral
order. Fano, in 1941, first distinguished between two types of Wood's anomalies: (1) an
edge anomaly, with a sharp behavior related to passing off of a diffraction order (i.e. 2
diffraction order passing over the horizon, 90° to the surface normal); and (2) a
resonance anomaly due to excitation of a bound or surface wave at the mertal-dielectric
Laterface[4].

Surface plasma waves are TM modes of the electromagnetic field bound to the
interface between a metal and a dielectric. The condition for existence of the SPW
mode is that ¢y’ < -¢4 where ¢y’ 1S the real part of the metal dielectric constant and g
is the dielectric constant of the dielectric. Related modes, first investigated by
Sommerfeld [3), exist when one of the media is highly lossy. The SPW phase velocity is
less than the light velocity in the dielectric and phasematching between an incident,
freely propagating wave and the SPW is accomplished either by prism [6] or grating
coupling techniques.

The SPW dispersion relation for a planar metal-air interface is simply given by

(7]

kspw = ko V(em/(em+1)) (1
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where ko = 2x/x is the free space optical wavevector. The phasematching condition for
excitation of SPWs is satisfied whenever Kosind, the component of ko along the metal-air

interface, satisfies the condition
kgsind = tkspw’ + n 2n/d (2)

where d is the grating period, 6 is the angle of incidence, n=+1,+2 ... is the coupling
order, and kspw' is the real part of the SPW wavevector. In Eq. (2), the choice of a
negative sign preceding kspw' corresponds to a SPW moving in the opposite direction to
the incident wave. This expression assumes that the grating wavevector is in the plane
of incidence. 1.e. the grating lines are perpendicular to the incident wavevector.

The SPW dispersion relationship is plotted in Fig. | for a lossless, free-electron
D{¢m = 1-x5"'2%) where the axes are normalized to the plasma frequency, wp, and
the corresponding optical wavevector (Kp=wp/c). Also shown as two vertical dashed
lines. corresponding to n=+1 and -1 orders in Eq.(2), are the wavevectors of a surface
grating. Finally, the wavevectors accessible in 0 and 1 orders by varving the angle of
incidence are shown as horizontal lines. This figure was drawn for a grating period
smaller than the optical wavelength (A/d > 1); note that there is only one point that
satisfies Eq. (2), for n=-1, and at this incident angle there is no allowed diffraction
order.

Y. Y. Teng and E. A. Stern, in 1967, first detected SPWs optically by
bombarding 1200 lines/mm (833-nm period) gratings with 10-keV electrons and
observing the emitted optical radiation [8). They observed that the lineshape of the
emitted radiation was influenced by the surface condition of the metal, but was
independent of the energy of the bombarding electrons. Cowan et. al., carried out a
detailed studv of the SPW dispersion curves for dielectric-metal layvers on concave

diffraction gratings. and also developed a quantum-mechanical formalism to describe
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their results [9]. Hutley et. al., in 1973, published a detailed experimental study of the
anomalies of sinusoidal profile gratings as a function of grating depth [10-12] and
characterized the SPW lineshapes for grating depths, h, ranging up to 60 nm for 500-nm
period gratings, h/d<0.12. The integral formalism developed by Petit et. al. [13] was
used to describe these results with good agreement. Pockrand and Raether, in an
extensive series of publications [14-18] characterized the SPW coupling as a function of
grating period, depth, and profile. The gratings studied were sufficiently deep to realize
over 98% coupling into the SPW mode. A perturbation analysis, developed by Kroger
and Kretchmann [19] was used in modeling these results with good agreement, although
clearly the perturbation approach must breakdown as the coupling efficiency approaches
100%. A very complete theoretical treatment of grating coupling to SPWs has been
provided by Mills, Maraduddin and co-workers[20-21]. Their approach uses an iategral-
formulation of the boundary-value problem at the grating interface and an extinction
theorem mechanism following from Green’s theorem. This work does not give simple
analyvtic results, but relies on extensive computational and numerical evaluation.
Yamashita and Tsuji (22] developed a much simpler differential formulation which treats
the resonantly generated fields on a par with the incident fields and allows for saturation
and decreases in coupling with increasing grating depths. This work emploved a power
series expansion in koh and was restricted to small grating amplitudes; simple analytic
expressions were obtained for the coupling strength as a function of h.

In this work, a comprehensive experimental and theoretical study of first-order
grating coupling to SPWs for a wide range of grating parameters is presented. The
experimental work establishes, for the first time, a relationship between grating depth
and period for SPW coupling, and extends to grating depths which no longer support
SPWs but rather show polarization and absorption effects. The theoretical approach is an
extension of the Rayleigh hypothesis including only resonant terms in the Ravleigh

expansion. This results in considerable simplification; reasonable agreement between
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theory and experiment is found out to depth/period ratios of ~0.5. A similar approach
has been used by Gupta et al[23] in describing grating coupling to long-range SPW

modes on thin, symmetrically bounded, metal {ilms.

2. GRATING FABRICATION

Gratings were fabricated holographically in positive photoresist layers spun onto
Si substrates using the 488-nm line from a single-mode Ar-ion laser. Details of the
grating fabrication have been presented elsewhere [24]). The grating profiles were
approximately sinusoidal for shallow depths, evolving towards rectangular profiles as the
depth was increased (cf. Fig 4). After development, these gratings were coated with ~
100-nm thick e-beam evaporated Ag films. Films were deposited at room temperature

and background pressures of low 10°¢ Torr.

3. OPTICAL ARRANGEMENT

All of the measurements reported here are of the angular dependance of the
zero-order reflectance for a fixed-frequency TM-polarized HeNe laser beam at 635 nm.
The samples were mounted as one surface in a 90° corner reflector attached to a
computer-controlled rotation stage. This arrangement insured that the reflected beam
was always returned in the same direction and eliminated the necessity of a second
rotation stage for the detector. The incident laser beam was focused with a long focal
length lens ( 0.5 m) to a spot of ~ 2 mm. This provided an angular limitation of 0.05°,
much smaller than the observed reflectance variations. Care was taken with the
alignment to insure that the axis of the rotation stage was in the plane of the grating so
that the laser spot sampled the same area of the grating throughout a scan. Grating
depths were measured in cross section with a scanning electron microscope (SEM). This

introduces some errors. estimated at +5 nm, due to uncertainties in the SEM calibration
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and variations in the grating depth for the different areas sampled in the optical and

SEM measurements.

4. EXPERIMENTAL RESULTS

Zero-order reflectance measurements for a series of 510-nm gratings with
increasing depth are shown on the left-hand side of Fig. 2. The theoretical modeling
shown on the right-hand side will be discussed below. The major features to note in

these measurements include:

1. the excitation of SPWs at 6§ ~ 11.6° corresponding to the sharp dip in the
reflectivity; (Note that there is no diffracted order at this angle so that
this decrease corresponds directly to energy coupled into the SPW mode))

2. the rapid increase in coupling efficiency with increasing grating depth 0 a
maximum observed coupling of 94% at a grating depth of 35 nm; and

3. the horizon for the -1 diffracted order at 6 ~ 13.8°, (This is apparent as the

cusp in the reflectivity as energy is transferred from the specularly

reflected beam to the diffracted beam.)

Similar results for deeper gratings are presented on the left-hand side of Figure 3. Note

the larger angular scale in this figure. Specific features to note include:

I. the relatively gradual decrease in the coupling efficiency to SPWs;

2. the clear broadening of the SPW resonance with increasing depth;

3. the shift in the SPW resonance to smaller angles with increasing depth;

4. the residual SPW coupling even at very large grating depth/period ratios; and
5. the increasing coupling to the -1 diffraction order. (The sharp spike at ~ 38°

corresponds to the collection of the -1 diffraction order in the optical
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svstem and is not part of the zero-order reflectance. It does provide a

useful monitor of the energy in the diffracted order.)

Scanning electron micrograph (SEM) images of the gratings used for the
measurements of Fig. 3, taken in cross-section, are shown in Fig. 4. Note that the
grating shapes are sinusoidal at very low depths but gradually show increasing harmonic
components and trend towards rectangular profiles for the deepest gratings investigated.
This profile modification results from the grating fabrication technique.[24]

Similar experiments were performed for gratings with periods of 392 nm and 440
nm, in order to investigate the depencance of the coupling efficiency on grating depth
and grating period. All experiments were carried out at a wavelength of 633 nm to
avoid variations in the metal optical properties. Qualitatively similar behavior was
observed with comparable coupling efficiencies occuring at shallower grating depths for
finer gratings. Experimentally determined coupling efficiencies. resonance angies, and
resonance linewidths for all three sets of gratings are presented in Figs 5-7. The solid
curves are theoretical and will be discussed subsequently. With increasing grating depth,
each of the data sets displays an initial rapid increase in coupling efficiency, peaking at
over 90%, and a slower decrease in efficiency; an approximately quadratic decrease in
the resonant coupling angle, and an approximately quadratic increase in the resonance
width.

These results are summarized in Fig 8, which shows all three sets of data plotted
against the dimensionless parameter h/d, i.e. grating depth/grating period. Within
experimental uncertainties, these results appear to follow a common behavior. Some of
the variability may well arise from differing grating profiles, especially for the deeper
gratings.

Further increases in grating depth, accompanied by a change in profile to

rectangular. lead to an elimination of SPW effects. For approximately square gratings.
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very strong polarization eftects demonstrate the possibility of fabricating reflective
polarizers for visible radiation. This is shown in Fig. 9 where reflectance scans for the
three grating periods are shown for depths of 200 nm (392-nm period), 170 nm (440-nm
period) and 190 nm (510-nm period) which resulted in maximum polarization effects.
Note that for TM polarization, almost 100% of the incident energy (~96% for the 510-
nm period grating) is coupled into the first-order diffraction peak for angles beyond the
horizon for this order. In contrast, only about 20% of the energy polarized in the TE
direction is couplec out of the zero-order reflected beam. Careful variations of grating
depth and profile must be investigated to optimize the polarization of the reflected
beam. Such polarization behavior for square gratings has been predicted [25-26] and

democnstrated in the infrared [27]. to our knowledge. this is the first observation of these

(24

ffacts 1n the visible spectral region. SEM pictures of the gratings are shown in Fig. 10.

Further increzases in grating depth result in rectangular profiles with decreasing
line space ratios.  Aangular rerlectance scans Yor deep rectangular gratings ar2 shown in
Fig. 11. (top 320-nm deep. 392-nm pzariod: middle 330-nm deep. 440-nm pericd; bottom
300-nm deep, 310-nm period) There is a broad absorption of TM-polarized radiation

while very large diffraction efficiency, increasing with increasing periods, is observed

for TE polarization. Figure 12 shows SEMs of these gratings.

5. THEORY

During the past thirty years, many grating theories based on the vector character
of the electromagnetic field have been developed. An excellent summary can be found
in references [6,13,20]. Integral methods, developed by Petit et. al. evaluate the field at
any point in terms of an integral over the grating surface A, cf. Fig. 13. A variation of
these integral techniques based on a Green’s function formalism specifically directed to
the evaluation of the SPW dispersion relation on a periodic surface has been extensively

developed by Mills, Maraduddin [20.21] and Otagawa [28). In addition, a ditferential
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formalism, developed by Nevierre et. al. [13] has been applied to SPWs on periodic
surface by Numata (29]. All of these approaches are fully rigorous, hold for arbitrary
profiles, and require extensive computation, typically involving matrices of order 40 or
higher.

A number ot differential analyses, usually based on a perturbation expansion in
koh where h is the grating depth, and relying on a Rayleigh or plane wave approach
have also been presented[19,30,31]. In these treatments, the scattered field amplitudes
are also treated as small quantities, of the order of koh times the incident and
reflected/transmitted field amplitudes. These models have the virtue of relatively simple
analvtical results and ready physical interpretation. These perturbational approaches
clearly breakdown as the coupling efficiencies into SPW modes and diffraction ordears

apraach unity sinc2 thev do not self-consistently describe the necessary decrease in the

{5

z2ro-order reflectad and transmitted beams. Yamashita et al. [22] treated the coupling
arobiem within the Ravleigh hypothesis without making the small-signal approximation
for the resonant scattered fields; however. their treatment retained the expansion in Koh
which limits its applicability to larger grating amplitudes. Nevertheless, their model
provided a very elegant analytic result which included the quadratic, x(koh)?, increase in
the SPW intensity with grating depth for shallow gratings, saturation of the SPW
intensity at a coupling efficiency near 100%, and a gradual decrease of the coupling,
x(koh) 2, for deeper gratings as the energy is coupled back into the radiating fields, in
gualitative agreement with the experimental results presented above.

These models begin with a time harmonic, plane wave expansion of the
electromagnetic field in the regions outside of the grating kerf (z<0 and z>h, Fig. 13) the

magnetic field of the TM-polarized fields are given by

BY = BYe ={exp(ikyv+ik,z) + ZBVexpli(kny-anz)])}ex 2<0 (3a)

and
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B™ = B™eyx = TBMpexpli(Kny+8az)] ex z>h (30)

where Ky=Kkosind, Kky=Kocosf, ka=ky+ng, n=0,%1,%2, .., g=2x/d is the grating wavevector
with d the grating period, an=ty(Kn2-ko?), Bn=tV/(kn2-émko®) and em is the metal
dielectric constant. Within the grating kerf, (O<z<h), the validity of this expansion is not
well-established. Ravleigh made the assumption, known as the Rayleigh hypothesis, that
for sufficiently shallow gratings, this expansion is valid everywhere. This hypothesis
was investigated by Van den Berg et al. {32] and shown to be analytically correct; Petit
et al. [33] showed that for TE polarization, the Rayleigh expansion is convergent for
h 'd<0.14 and pointed out that reliable results could still be obtained even for h/d as
much as twice this limit

Th2 zpproach usad in this comparison with experiment is to apply the Ravleigh
hypothesis {or TN -polarized input radiation. For the gratings used in these
experimen:s. h-d extends to 0.8 although detailed comparisons are only attempted to
~0.3. The :zalculation does not make a small signal approximation for either the grating
depth or the diffractad field amplitudes. The plane wave expansion, Eq. 3, is truncated
by keeping resonant terms, e.g. n=0, -1. In addition, the next terms, n=-2 and +1 are
retained in the numerical evaluations and are determined to be small relative to the
resonant terms. [Energy conservation, i.e. a constant total of the energies in the
diffracted beams and absorbed in the metal is used as a further check on the calculation.

Thus, Eq. 3 is assumed to hold up to the grating surface defined by

f(y) = u sin(gy) 4)

where u=h/2 is the grating amplitude. Using the generating function for Bessel

functions, we can write
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ei(y) = eivusin(gy) = FeiPEY] (qu) ©)

The boundary conditions satisfied by these fields are

{B¥(y,2z) = B™(y,z)}le=t(y) (6)
and
(5 =flr'n e ' e=((y) @
where
e = awENE g

Applving these boundary conditions leads to a set of coupled linear equations:

Jp(kgpu) + EBYn(-1)P "Jp.n(anu) - EB™pJp-n(Bnu) =0 (8)

and

(ke-pgko/ke)Jp(keu) - E(an-(p~n)gkn/an)BVn(-1)P "5 n(anu)

- ]/fmz(ﬂn‘(p"n)gkn/ﬁn)anJp-n(ﬂnu) = 0. %)

where p,n are integers extending from -oo to +00. Note that no small signal
approximation has been made in deriving these equations. These equations are now
truncated by keeping only the fields for n=0 and n=-1, the reflected/transmitted and
resonant diffracted terms which are expected to be large based on phasematching

arguments (cf. Eq. 2 and Fig. 1). In addition the fields for n=+1,-2 were also retained
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as a check on the convergence. The relative field intensities for these two orders for a
510-nm period grating at a depth of 22 nm were 0.017 and 0.0018, respectively, lending
support to this truncation procedure. This leads to an 8x8 matrix inversion to solve {_:
the field intensities.

Using the Green's function approach developed by Mills et al[20], Garcia
evaluated the SPW fields and lineshape for sinusoidal gratings [34]. Results, obtained by
including 60 terms in the numerical analysis, are shown in Fig. l4a for parameters
appropriate to an 800-nm period Au grating of various depths, h;=h/2d. For this
grating period and wavelength, 633 nm, A/d<] and there are two possible propagating
diffraction orders. The resonance shown in Fig 14 corresponds to the n=+1 SPW
coupling; there is also a propagating n=-1 diffraction order throughout this angular
rang2. Th2 numbers labeling the SPW curves in the figure represent the relative
intensity of the mode. The results from the present treatment for the same parametars
are shown in Fig. 14b-d. Note the overall similarity of the calculated intensities and
lineshapes. Interestingly, the largest discrepancy is for the shallowest grating, hy=0.01.
where the present calculation vields a SPW intensity 24% larger than the more rigorous
calculation of Garcia[34]. For deeper gratings, the agreement is generally within 10%.
This comparison indicates that, despite the relative simplicity of the formulation, the

present model provides substantial insight into SPW coupling.

6. Comparison of Theory and Experiment

The initial step in comparing this model with the experimental results is in
establishing the dielectric properties of the Ag films. Johnson and Christy [35] have
measured a complex dielectric constant of (-16.4,0.54) for Ag at 633 nm. However, this
was measured for very carefully prepared bulk material, in general, the dielectric
properties of thin-films will differ from this value as a result of deposition and substrate

dependent columnar structure, granularity, sub-ideal density and incorporated impurities.




S. Zaidi et al., Grating Coupling to... 13

The etftective dielectric constant for such films can be described using the Maxwell-
Garnet model [30]. This model provides an effective ¢ for a composite material
composed of spherical dielectric grains, with spatial dimensions much less than a
wavelength, interspersed throughout a metal matrix with the mole fraction, X, of the
dielectric as the only adjustable parameter. The effective dielectric properties are given

by

- Qem(1-X) + (1+2X))
CTEM (m(2+X) + (1-X)) (10)

where the dielectric has been assumed to have ¢q=1. In Fig. 15, the experimental result
for a depth of 22 nm is shown along with the calculated results for X=0 and X=0.11.
This value was chosen to match the experimental and calculated resonance angles. The
experimental trace is somewhat broader than the theoretical indicating that there may be
an addiucnal loss mechanism. possibly due to scattering or to the effects of a non-
sinusoidal grating profile. For X=0.11, the composite dielectric constant is
€=(-13.5.0.46); this value of ¢ was used in all of the comparisons with experimen:
without any further adjustment.

Comparisons with the experimental results are shown on the right-hand side of
Figs. 2 and 3. In each case, the grating depth for the calculation is adjusted to give
coupling efficiencies that match the experimental results. While the experimental depths
and linewidths are systematically larger than the model calculations, the overall behavior
is well described. For the deepest grating shown experimentally, h = 145 nm, there is a
substantial difference with the model that is probably associated with the significant
deviation from a simple sinusoidal profile at this depth (cf. Fig. 4). Figures 5-7 present
the model results along with the experimental data for the coupling efficiency, resonance
angle and resonance linewidth for all three grating periods investigated. The theory

svstematically overstates the coupling strength and understates the linewidth for all three
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grating sets. There is reasonably good agreement with the resonance angle, which was
the parameter used to adjust the metal-film dielectric properties. There is an excellent
qualitative match between theory and experiment. The coupling efficiencies first
increase rapidly as the grating depth is increased, saturate near 100% coupling and then
decrease as the resonance becomes over-coupled due to radiative damping back into the
zero-order radiation fields. This coupling change is accompanied by approximately
quadratic changes in the resonance angle and linewidth with increasing grating depth.

The model results are summarized in Fig. 16 which shows the calculated
resonance angle, linewidth, and coupling strength plotted against the dimensionless
parameter h/d for the three grating periods investigated. For evaluation of the coupling
efficiency, this parameter is reasonably invariant, there are more significant deviations
in the 2valuation of the resonance lineshape parameters.

Overall. this simple model provides a good picture of the experimentally
observed resonance variations. Disagreements between theory and experiment increase
for deeper gratings and larger periods. A significant phenomenon not included in the
theoretical model is the deviation from sinusoidal grating profiles which increases as the
grating depth is increased and also is more significant for larger grating periods. The
films also exhibit significant surface roughness, see Fig. 4, which has not been included
in the model and may impact the observed lineshapes.

Calculated zero-order, TM-polarization reflectivity curves for deeper gratings, up
to h/d~1, are shown in Fig. 17. Again, there is very good qualitative agreement with
the large coupling into the diffraction order for deep gratings, h/d~0.5, although
detailed comparisons are not possible because of the strong deviation from a simple
sinusoidal profile of the experimental gratings. The model does not show the absorption
of TM-polarized radiation seen experimentally. Detailed comparison with experiment
requires very deep sinusoidal gratings that are inherently difficult to fabricate because of

the strong nonlinearities of existing photoresists [24]). More nearly sinusoidal gratings
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csan be fabricatad on a transparent substrate. work 1S in progress to allow a better
experimental test of the model for deep gratings. The theoretical model looses much of
its simplicity for rectangular gratings where many Fourier components of the grating

profile are comparable in intensity.

7. Summary

A svstematic experimental and theoretical study of first-order grating coupling to
SPWs existing at an air-Ag interface has been reported. The experiment extends the
range of grating depths that have besn investigated to h/d~1. For TM-polarized

incident radiation. this includes the entire range of SPW-radiation coupling from

kel

underdampad to n2arly [00% coupling to overdamped and the ultimate disappearance o
the SPW rasonance from the obsenved zero-crder reflestance.  Strong polarization and

-2 obsarved for the dJdeepast gratings. A simple theoresucal model.
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Several extznsions of this work are immediately apparent. For larger grating
periods, there are more diffraction orders and SPW coupling resonances. Interesting
coupling effects occur when two of these resonances occur at approximately the same
angle. These effects have been investigated experimentally and theoretically and will be
reported in a subsequent publication. In addition, the SPW resonance can be used to
characterize metal optical constants under a variety of deposition conditions. Work is
underway to compare this technique with more conventional techniques such as

ellipsometry.
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Figure Captions:

Fig. 1: Dispersion relation of SPWs for a lossless, free-electron metal (e=1-wp3,«’w3). The
axes are normalized to wp and kp=wp/c. The grating wavevectors corresponding to n=#1
order of a grating of period d are shown as vertical dashed lines. The range of
wavevectors accessible by varving the input angle from normal to grazing incidence for
n=0,+1 are shown as horizontal lines. Note that for this choice of parameters, (A/d<l),
there is only one SPW coupling resonance and at this resonance angle, there is no

propagating diffraction order.

Fig. I Zero-order reflectance at 633 nm for 310-nm pericd gratings with varving
grating Cepths. The l2t side, (a-d), presents experimental results: the right sida2. fe-h).

presanis theoretical modeling. See text for details.

Fig. 5. Continuation of Fig.2 for deeper gratings. Note the expanded angular scale.
Again, the left side (a-d) presents experimental results, the right side (e-h) theoretical
modeling. The sharp spikes on the experimental data at ~38° correspond to the n=-1
diffraction order entering the collection optics and are not a part of the zero-order

reflectivity.

Fig. 4. Cross section SEMs of the gratings used for the experiments. The measured

depths are: a- 43 nm, b- 57 nm, ¢- 88 nm, and d- 145 am.

Fig. 5. Coupling efficiency into the SPW mode for gratings with periods of (a) 392 nm,
(b) 440 nm. and (c) 310 nm and varving depths. The solid curves are the result of

theoretical modeling. see text for details.
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Fig. 6: SPW resonance angle for gratings with periods of (2) 392 am, (b) 440 nm, and (¢)
510 nm and varving depths. The solid curves are the result of theoretical modeling, see

text for details.

Fig. 7: SPW resonance linewidth (FWHM) for gratings with periods of (a) 392 am, (b)
440 nm, and (c) 310 nm and varying depths. The solid curves are the result of

theoretical modeling, see text for details.

Fig. 8: Data of Figs. 5-7 for the SPW resonance angle, resonance width, and coupling
efficizncy replotted against the dimensionless parameter h’d. Note that this parameter is
approximataly invariant for these three grating periods.

Fig. 2. Sequence of zero-order reflectanze scans for approximately sguare gratings
(h 'd~0.5) showing strong polarizing effects: (3) h=200 nm. d=392 nm: (t) h=1"0 nm.

d=240 nm; and (c) h=190 nm. d=510 nm.

Fig 10: SEMs of the gratings used for the measurements of Fig. 9.

Fig. 11: Sequence of zero-order reflectance scans for deeper rectangular gratings (h/d~1)

showing strong absorption effects: (a) h=320 nm, d=392 nm; (b) h=330 nm, d=440 am;

and (¢) h=300 nm, d=510 nm.

Fig 12: SEMs of the gratings used for the measurements of Fig. I1.

Fig. 13: Geometry used in the analysis,
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Fig. 14: Comparison ot calculations of Garcia[34] (a) with present calculations (b-e) for

800-nm period Au gratings at 633 nm. (hy=h/2d)

Fig. 15: Calculated zero-order reflectivity SPW resonance lineshapes for X=0 and X=0.11
where X is the mole fraction of voids in the Ag film. (h= 15 nm, d=510 nm) A
Maxwell-Garnet model is used to adjust the composite dielectric constant. The

experimental result (h= 22 nm) is shown as the dotted line.

Fig. 16: Calculated SPW resonance parameters plotted against the dimensionless

parameter h/d.

Fig. 17: Calculated zero-order reflectivity for deep (h./d~1) sinusoidal gratings in TM

polarization (d=510 nm).
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Interaction between Surface Plasma Waves and TM-Guided Modes in Metal-Clad
Dielectric Waveguides
Saleem H. Zaidi and S. R. J. Brueck
Center for High Technology Materials
University of New Mexico
Albuquerque, NM 87131

Experimental results are reported for grating coupling to metal-clad dielectric
waveguides that support both a surface plasma wave and a single TM-guided mode. For

appropriate parameters, these modes interfere and give rise to sharp reflectivity

resonances.




Interaction between Surface Plasma Waves and TM-Guided Modes in Metal-Clad
Dielectric Waveguides
Saleem H. Zaidi? and S. R. J. Bruecl<""’b
Center for High Technology Materials
University of New Mexico
Albuquerque, NM 87131

Asymmetric metal-clad dielectric waveguides, formed by depositing a dielectric
over a metal film, have a number of potential optoelectronic device applications
including modulators and waveguide switches. For a proper choice of dielectric

thickness, these waveguides can support two TM-resonances, a surface plasma wave!

bound to the metal-dielectric interface and a guided modez. These resonances can be
phase-matched by the proper choice of parameters. Incident light can be coupled to
these modes using gratings. This phase-matching is evident as an overlap in the
resonance angles and interference in the coupling lineshapes.

Samples were fabricated by depositing thick (~ 100 nm) Ag films on Si
substrates. Positive photoresist was then spun over the metal and a grating exposed and
developed wusing holographic exposure techniques3. Zero-order, TM-polarization,
reflectivity measurements as a function of incident angle were carried out at 633 nm.

Figure 1 shows the results of a series of measurements for increasing grating
depth, and, consequently, decreasing average dielectric film thickness. The top trace
shows two isolated resonances, a SPW mode at an incident angle of 17 degrees and a
guided mode at 28 degrees. The increase in signal at 23 degrees is the result of the
diffracted-order entering the collection optics and is not a variation in the zero-order
reflectivity.

As the grating depth is increased, the SPW mode shifts to higher angles and the guided
mode to lower angles until they overlap. For still deeper gratings, the resonances split

and exhibit complex lineshapes which are due to interference phenomena between the

modes. A notable feature is the very sharp resonance that occurs at ~ 17 degrees for all




of the gratings with depths beyond that required for overlap of the modes. Such sharp
resonance features are especially useful for optoelectronic applications.
Detailed experimental and theoretical investigations of this coupled mode

phenomenon will be reported.

References:

1. see, for example, Surface Polaritons, V. M. Agranovich and D. L. Mills, eds. (North
Holland, Amsterdam, 1982)

2. I. P. Kaminow, W. L. Mammel nad H. P. Weber, Appl. Opt. 13, 396 (1974)

3. S. H. Zaidi and S. R. J. Brueck, Appl. Opt. (to be published July 15, 1988)

a Also with the Department of Physics and Astronomy

b Also with the Department of Electrical Engineering

This work was partially supported by the Air Force Office of Scientific Research.




l Bl & &N BN & B BN By BN S B BN BN B B B B e

Optical Characteristics of Deeply Modulated Gratings
Saleem H. Zaidi and S. R. J. Brueck
Center for High Technology Materials
University of New Mexico

Albuquerque, NM 87131

Zero- and first-order grating reflectivities (633 nm) for periods from 380- to
840-nm with grating depths from 10- to 1000-nm are reported. Effects observed
include: surface plasma-wave (SPW) coupling for deep gratings, interference between

first and second-order SPW couplings, and highly efficient grating polarizers.
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OPTICAL CHARACTERISTICS OF DEEPLY MODULATED GRATINGS

Experimental study of grating properties has a long history. Much of this study
has been confined to gratings with sinusoidal profiles and depths less than 100 nm.
Using holographically fabricated gratings (1) coated with thick Ag-films (-100nm), we
report here on an experimental study of zero- and first-order reflectivities at 633 nm
with special emphasis on surface plasma wave (SPW) mode couplings and grating
polarization effects. The gratings studied had periods from 380 to 840 nm, depths from

10 to 1000 nm, and profiles from sinusoidal to rectangular.

For gratings with only one allowed SPW mode, it is observed that as the grating
depth is increased, bevond the maximum cbupling efficiency depth, the SPW coupling
dip gradually decreases, the resonance angle gradually shifts and broadens.
Simultaneously, the grating diffraction efficiency increases. For an optimum depth of

the grating less than 1% of the light is reflected.

For gratings supporting two SPW modes, the behavior of the SPW mode couplings
as a function of grating depth is complex. At an optimum depth, the two SPW modes,
however, couple to form a broad minimum. The grating first-order, however, continues
to exhibit strong coupling to SPW modes at well-defined angles. Further increase in the
grating depth results in disappearance of all resonance characteristics. Detailed study of

all these results with corresponding grating depths and periods will be reported.

Referencs:

1. S. H. Zaidi and S. R. J. Brueck, Appl. Opt., July 15, 1988.
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INTERACTIONS BETWEEN FIRST AND SECOND ORDER COUPLINGS

TO SURFACE PLASMA WAVES

Surface plasma wave dispersion relation is investigated optically in the (+1, -2) mini-gap region by
varying grating profiles. Momentum gaps are observed and are described by developing a

theoretical formalism based on Rayleigh hypothesis.




INTERACTIONS BETWEEN FIRST AND SECOND ORDER COUPLINGS

TO SURFACE PLASMA WAVES

Surface Plasma Wave (SPW) dispersion relation in the mini-gap region, where the
unperturbed modes are degenerate, has been recently investigated, both theoretically [I] and
experimentally {2]. Theoretically only energy gaps were predicted in the mini-gap region, but
experimentally it was shown that both momentum and energy gaps exist [2] although optical
excitation resulted only in energy gaps similar to the results obtained by Chen, et al. [3]. Here we
present a detailed optical investigation of the (+1, -2) mini-gap region by varying grating depths
and profiles. Momentum gaps observed were critically dependent on grating profiles.

Gratings were fabricated in positive photoresist using holographic techniques [4], and coated
with ~ 100-nm silver films. The data was acquired in the form of 0-order and diffraction order
reflectances versus incident angle. By adding energies in the O-order and diffraction order,
momemtum gaps were measured. For theoretical modeling, Rayleigh hypothesis was used. For
sinusoidal profiles, no momentum gaps were observed. By including a second Fourier component,
momentum gaps were observed, and the resulting lineshapes were in good agreement with
experimental data.

Partial funding for this work was provided by the Air Force Office of Scientific Research.
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3. Y. J. Chen, E. S. Koteles, R. J. Seymour, G. J. Sonek, and J. M. Ballantyne, Solid State Comm.
41, 95 (1983).
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FIRST ORDER COUPLING TO SURFACE PLASMA WAVES

Using prism and grating coupling techniques, surface plasma wave effects have been used to
investigate metal interfaces, metal-dielectric interfaces, and other non-linear processes [1]. Here we
present a comprehensive experimental and theoretical study of first-order coupling to SPWs and the
use of this technique to characterize the optical constants of metal films.

The gratings were fabricated holographically in positive photoresist {2], and coated with ~
100-nm silver films. Data was acquired in the form of O-order reflectance versus incident angle
using a 633-nm He-Ne laser source [3]. Gratings with varying period (392 nm < d < 515 nm), depth
(3 nm < h < 500 nm), and profiles were studied. Optical coupling parameters such as coupling
strength and linewidth are shown to be approximately dependent on the dimensionless parameter
h/d.

For theoretical modeling, the Rayleigh hypothesis was used throughout this range of
parameters and profiles were assumed to be sinusoidal. The Rayleigh expansion was terminated by
keeping only the resonant terms, which considerably simplified computational work. Calculations

ot coupling profiles are in good agreement with the experimental data.

Partial funding for this work was provided by the Air Force Office of Scientific Research.
REFERENCES:
I. Surface Polaritons, edited by V. M. Agranovich and D. L. Mills, North-Holland (1982).

2. Saleem H. Zaidi and S.R.J. Brueck, Appl. Opt. 27, 2999 (1988).
3. Saleem H. Zaidi and S.R.J. Brueck, O.S.A. annual meeting (1988).

25-WORD SUMMARY




First order grating coupling to Surface Plasma Waves is studied for a large range of
parameters. A theoretical formalism based on the use of the Rayleigh hypothesis is developed.

Application of this technique to characterize optical constants of metal films is discussed.

Authors :

Saleem H. Zaidi, M. Yousaf, and S. R. J. Brueck.
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ELECTRIC FIELD INDUCED SECOND HARMONIC GENERATION
IN PLZT

A, Mukherjee, S R J Brueck® and AL Y. Wu
Centar for High Technology Materials
University of New Mexico. Albuquerque, NM, 87131

ABSTRACT

The first measurements of electric-field induced second-harmonic generation in
tha cubic ceramic PLZT (9,/65°33) are reportad. A hvsteresis behavior of the second
harmonic signal versus electric poling field was observed and a field/no field contrast
ratio of 20:1 was achisved. The area of the hvsteresis loop decreased resulting in a
slim-locp® for increasing delavs between applving an external voltage and monitoring

the second harmonic signal, the sample remaining irradiated by the fundamean:al beam.

? Also with the Departments of Electrical and Computer Engingering and Physics and
Astronomy.
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inracucns, such as s2cond harmonic generation represent a fast response due to

elesironiy mouon. Here, perhaps due to the motion of electrons of the upper valence
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percenizz2 o Laand Y Z is th2 zirconium titanium ratio. Second harmonic gansration
(SHG) exparimants in PLZT of compositions 863,35 and 9,653,335 have been reported’®
and the temperature dependence studied 78, Electric-field induced second-harmonic
generation (EFISHG) in polydyacetylene (PDA) has been studied to investigate resonant
enhancement of x(3)(-2w:w,w,0) and two photon generation of carriers!® and determine
the magnitude and phase of x(3) (-2wjw,w,0)!!. EFISHG experiments have also been
reported on molecular solutions to study the molecular environment!? and influence of
carrier substitutes!3. In this letter we report the first measurements of EFISHG on the

ferroelectric oxide PLZT 9/65/35.
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optical prorperiies of
alaciric-tield-induced reversitle x - F phase change at a tempeoratur2 heoween T
(structural phase transition temperature), 18°C.*% and the Curie point T; 85°C.3. The x-
phase is parazlectric with a cubis perovskite structure and is optically isotropic™. It is
also refarred to as ths state of polar short range order!d. The 3 - phase is associated
with the quasi ferro2iectiric phase with orthorhombic (distortad cubic) structure. It is
also referred 1o as a state of polar long range order!®. The experiments wearz done at
room tamperature (23°C) and so a quasiferroelectric behavior was expeactad from our
sampla.

This EFISHG swudy was denz2 cn 2 0.6-mm thick poiished walsr of PLZT

v

$7/65:35 providad by Motorola. A hyvsiaresis behavior of the SHG versus 2ieciric poling
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vas observed. Th2 area of the hyvsteresis was seen to dazraase and result in 2 “shim-
loop® if the SH sigral recording was sufficiently delaved after applving the poling
voltage, the sample remaining irradiated by the fundamental beam.

The experiment is shown schematically in Fig.l. The inset shows the planar
electrode pattern with a gap of 60 pm. Conventional photolithographic processes and
lift-off techniques were used to fabricate these electrodes which were formed by e-beam
evaporation and consisted of a 30-nm layer of Cr followed by a 300-nm laver of Au.
The 1.06-pm pulse train (82 MHz repetition rate, 130-ps duration) from a cw-
modelocked YAG laser provided the fundamental beam. A Fresnel-Rhomb polarization
rotator and a Glan prism were used to select a linearly polarized fundamental beam of

variable orientation. The beam of 3W average power was focused (~ 50-um diameter) at




an angl2 of incidens: of 437 on the sampie using @ 3)-mm caltength lens The SH
: var o Jetected 2l the SeldTorsTielnion Sarog Nlens Colx enzth T3
oo oaporiure I3 4 o viowsad ot oot the seoond harm cuzhrand oo en
iperture 234 2T ool the z
the acive ared of an uncosied phoomulniyior webe ) chooathodey arter passing
through an IR blocking fiiter and 2 »and pass iaterierence filer centered at 332 nm.

A chopper and a lock-1n amphifer, with a2 mavinuem tme consant of 300 ms
warz us2d in the signal detecuon process.  The output of the lock-in amplifier was
monitorad by a laboratory computer svstem which also controlled a high voliage power
supply providing the applied voltage to the sample.

[n all the experimeanial sequences, the poling field was started with a positive
voltage (arbitrarily defined) and incremented in 20 V intervals from 0 V to 360 V. The

voltage was then decraased to 0 V in 20 V steps. A similar recording was taken with the

W

cpposiz2 polarity. For the same polarisations (fundamental & SH) two seis of data were

amen, with | osecond and 30 seconds delay beiweasn the application of voltage and

recording SH iatensitv. For all of these measurzments the sample was continuously
ccuminzed Tyothe gaser osourcs2. ne ume da2iay oniyv refars 1o the interval beiwasn

changing th2 {ield swrength and the SH me2asurements.  Fig. 2 shows the EFISHG
measuramsanis in 9,63 535 PLZT with both fundamental & SH poiarisations parallel to the
poling fieid. Fig.2(a) shows the trace with one second delay of recording SH intensity
after the application of poling voltage and Fig.2 (b) with a 30 seconds delay. From this
data we see that there is a small SH signal at zero poling field. Though the sample is in
x (cubic) phase, it is not strictly centrosymmetric because of the local displacement of
ions away from their ideal lattice positions. Betzler and Bauerle” proposed a model
where the local anistropy (disorder) was explained by the La3*/ions (4% smaller in size
than Pb%* ions) being randomly located at off-center positions.

As the electric field is increased the SH intensity increases quadratically since it

is proportionul to19




oE T
mara oo oo T oeld swathin the sample and B ooas the fieid of the funiamenty
beam. o guoadranis Jdependence of lxy on the fundamental intensity was confirmed.
Also tho s corenyin shows aslighe saturation behavior at the maximum applied voliage
Stode. b o~ > KNV oo The scatered 2nd harmoniz intensity at zero tizld was brightly

visible 13 1= 2ve. The estimation of x(3) was not possivle because of the complexity of
the DC rieid districution inside the material along with severe polverystalline grain
soundar. o~3-Jpm o osZatiaring. phase matching  unceriaiatias.  etc. Howevar, the
otsarvad intensities. 2ven at zaro applied fields. were comparable to that from powdars
cf KTP. sugzasting that with improved material preparation such as highly oriented fine

grain {hin rhms, efficient moedulatable second harmonic generation will be achieved.

[nor2asing the wvoliage further caused arcing berwszen the electrodes.  The saturatinz
poung el oiroabteur® 15 EV oom oand the maximum field appliad here was oniv 8.3
NV oom 0o deorzasing the field s zero the SH inensiny was se2a 1o be siightin highsr
than the starting value, This s tikely due to remrnant 2 - phase resulting from sirains
inducad ©y cviiing the field*®. This variation of the SH intensity versus poling {iald is

similar 1o the dielectric hysteresis loop reported for the same material composition by
Keve & Annis*>. Fig. 2 (b) for a large delay time of 30 s between application of the
field and the SH measurement shows a ‘slim-loop’ behavior of the same phenomena.
This recording with a considerably smaller hysteresis than the results of Fig. 2 (a) has a
qualitative similarity with the high temperature behavior of the dielectric hysteresis
loop!5. A gradual decrease of the area of the hysteresis was observed versus the delay
time. It was also observed that if the voltage was suddenly removed (shorted) to 0 V,
the SH intensity decayed (to the O V value) in 30 seconds if left irradiated with the

fundamental beam and over several hours if not irradiated. This is probably due to
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~hotoinduced condulininy®® A more detailed study will be required o fuily undersiand

Fig. 3 (a) and (b) shows EFISHG iatensity versus apphied field where e
Tundamental beam remained polarized parallel to field. both teing n the hormzontal
nlane, tut the polarization for SH was chosen perpendicular to it.  All other parametars,
were the same as in Fig. 2. The overall SH signal in this case was s2en to bte a tastor
5.36 l2ss than for Fig. 2 where the polarization of the SH signal was parallel to the
poling field. The SH intensity was dominantly horizontally polarized since the
displacement of the ions due to poling and the polarization of the tfundamental beam
werz both in the horizontal plane. The contribution of the SH signal with polarization
in the vertical plane arises out of the randomly oriented microcrystallites and domain
wall scatrering. The influence of the randomness of microcrystallites may be accountad
for in a2 similar manner for diacetvlenes as has been discussed by Berkovic et al (19).

The contritution from domain wall scattering is more complex since correlaticn betwszen
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may e evaluaiad alongz similar lines as for Triglyvcine Sulfate studizd bty Dolino et al

A similar variation in the hysteresis was observed on delayed recording and the
contrast ratio was comparable to the parallel polarization case. In Fig. 3 (b) we see an
asymmetry in the SH signals of positive and negative applied fields with a greater signal
on the negative poling side is observed. This is due to the remnant polarization field Ep
opposing the external field E5 and so the second harmonic intensity is proportional to (
Eo + Ep )2 This was however not seen in the parallel polarisation (Fig.2b) case.

In conclusion, we have report EFISHG in the ceramic PLZT of composition
9/65/35 which has a quasiferroelectric (with o -~ § transition) behavior. The contrast

ratio achieved was 20:1 which can be improved by putting a layered dielectric on the

-6 -




surface allowing higher applied fields. Besides EFISHG other non-linear optical

technigues such as FW ML multuphoton absorpuon and stumulazed scattering may e

()

quasiferroeiaciric ceramics. The large observed second harmoenic signa! indisase thae

these materials may te important for electro-optic applications. Highiv-oriznad thin

film materials will enable 2 much more svstematic study of this phenomenon; su

studies ar2 underway.

This work was partially supportad by the Air Force Office of Scientific Research.
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ELECTROOPTICS OF THIN FILM PLZT

A. Mukherjee, S. R. J. Brueck,” and A. Y. Wu
Center for High Technology Materials
University of New Mexico

Albuquerque, NM 87131

Abstract

We report deposition and characterization of highly oriented thin-film PLZT
(28/0/100) on fused silica substrates by rf-planar magnetron sputtering. The quadratic
electrooptic effect gives a birefringence of An ~ 0.018 at an applied field of 39 kV/mm.
Optical modulation at a switching speed of < 3 ns (instrumentation limited) is achieved.

Results of optically induced decay of the birefringence in these films are also reported.

* Also with the Department of Electrical Engineering and Physics.
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ELECTROOPTICS OF THIN FILM PLZT

A. Mukherjee, S. R. J. Brueck, and A. Y. Wu
Center for High Technology Materials
University of New Mexico

Albuquerque, NM 87131

Ferroelectric materials are of great interest for a variety of electrooptic,
piezoelectric, pyroelectric, and nonlinear optical applications. These materials, in both
bulk and thin-film forms, have been used to fabricate numerous devices including
sensors, memories, optical limiters, and optical switches [1-5]. Thin films of these
materials are especially attractive due to the potential for monolithic integration with
electronic and optoelectronic devices and systems. In addition, thin-film materials offer
the potential for increased speeds, reduced voltages, and enhanced efficiencies. The
family of optically transparent lanthanum-doped lead zirconate titanate (PLZT) materials
have found numerous applications in optical devices [1]. Bulk PLZT materials have been
used for optical storage [2], protective limiters, and spatial light modulators. Thin films
of PLZT have been used for binary waveguide switches [4,5]. These quarternary
materials, Pb]_xLax(ZryTiz)l_x /403 usually represented as PLZT (x/y/z), are known to
exhibit large electrooptic effects [S]. For the same applied field, the birefringence of
PLZT (28/0/100) is several times larger than that of LiNbO,, a material in widespread
use for optical waveguide switches [3,6]. Future applications of these materials depend
on improved film quality and improved understanding of the electrooptic and nonlinear

optic material parameters.
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There have been several reports of the growth of PLZT thin-films,
predominantly, epitaxial growth by sputtering on SrTiO,, Al,O,, and MgO substrates (cf.
Ref. 3 and references therein). Here, we report, for the first time, the growth of highly
oriented PLZT (28/0/100) films on fused silica substrates by rf-planar magnetron
sputtering. Characterization of the electrooptic properties of these films including;
electrooptic coefficient, very fast (~ ns, instrumentation limited) electrooptic switching
speeds, and optical-intensity dependent photorefractive decay of the birefringence are

also reported.

PLT films were prepared using a 17-cm diameter planar magnetron sputtering
system. The sputtering target was pressed PLT powder with an excess of PbO.
Sputtering media was an ultrahigh purity oxygen and argon gas mixture with a ratio of
O,/Ar ranging from 0/100 to 50/50 and a sputtering pressure varying between 5 and 10
mTorr. An optically polished fused silica substrate was maintained at 500 ~ 600 °C
during the deposition using a resistance heater. The deposition rate was about 1000 ~
2000 A/hr for a rf power of 100 - 200 W. After deposition, X-ray diffraction scans
showed highly- oriented growth with a (100) direction normal to the substrate as shown
in Fig. 1. Note the absence of any additional X-ray peaks. The absorption edge,
measured by optical transmission, is at 370 nm and the material is transparent
throughout the visible - near infrared spectral region. The refractive index measured at

632 nm was ~ 2.5.

It has been reported by Haertling and Land [1] that an electric-field induced
reversible structural phase transition (paraelectric <-> ferroelectric) occurs at room
temperature for PLZT of compositions 9/65/35 and 28/0/100 and that these materials

have large quadratic electrooptic coefficients R leading to a strong birefringence,
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An = -(1/2) n® R E2

These initial investigations were focussed on the composition 28/0/100 due to the
relative ease of deposition of a film with uniform composition [3]. Planar interdigitated
electrodes (30 nm of Cr and 300 nm of Au) having a separation and width of 8 um were

evaporated on 500-nm thick films of PLZT(28/0/200) grown on fused silica substrates.

Birefringence was measured in transmission through the film with the electrodes
oriented at 45° to the polarizer/analyzer axes. The (field on) / (field off) ratio of
transmission at 514.5-nm wavelength at an average power density of 10 kW/cm? through
crossed polarizers versus electric field is shown in Fig. 2. A dominant Kerr or quadratic
electrooptic effect was seen. The birefringence (magnitude) of 0.0i8 at an applied field
of 39 kV/mm was estimated from the rotation of polarization through the film. For the
same field strengths, the linear birefringence of LiNbO, is several times smaller. From
this data, the quadratic electrooptic coefficient R was estimated to be 0.06 x 107%¢
(m/V)?, in agreement with the value given in Ref. [3]. Using Glan polarizers with
extinction ratio 10%1 the (field on) / (field of: f) ratio achieved at a field of 39 kV/mm is
40:1. At fields greater than 40 kV/mm, electrical breakdown in the electrodes was

observed.

Optical switches based on electrooptic birefringence modulation in a total internal
reflection (TIR) configuration in channel waveguides fabricated from PLZT thin films
on sapphire have been reported by Wasa et al [5]) and Higashino et al [4). They reported
low drive voltages (4.7 V) and multi-GHz speeds. Here we report optical switching on

propagation perpendicular to the film plane [7]. The experimental set up is identical to




.
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that used in measuring birefringence i.e. beam propagating perpendicular to the film
through an interdigitated electrode pattern. A pulse generator comprised of a charged
transmission line and a mercury switch generated voltage pulses of up to 5 kV with a
rise time of ~ 2 ns. The switched voltage pulse and the transmitted optical pulse are
shown in Fig. 3. The upper trace shows the applied voltage pulse (85 V) of width ~ 75
ns and a risetime of ~ 2 ns. The lower trace shows the transmission as detected by a
fast avalanche photodiode with a characteristic rise time of 3.5 ns. The time delay
between the traces results from the transit time of an extra length of cable and is not an
intrinsic effect. The response is clearly instrumentation limited. Note also that the
turn-off time of the birefringence follows the turn-off of the voltage. This rapid decay,
comparable to the rise time, is advantageous for many applications. The undershoot of
the voltage pulse is due to cable reflections. The fast response in these thin films is in
sharp contrast to previous results in bulk [8] (10 pus - 100 ms) and in thin-film memory
applications [9] ( ~ 50 ns). The improvement in temporal response may be due to
improved material quality, so that the dominant effect is lattice distortion rather than
domain wall reordering. Ultrafast measurements of the PLT response are being pursued
in our laboratories. Clearly PLZT thin films offer very fast speeds, high contrast, high
damage thresholds (no damage was observed at 5 GW/cm? ) and integration capabilities
with existing Si and III-V semiconductor devices. With these attractive features PLZT

thin films should become an important material for integrated optic applications.

Photorefractive phenomena have been observed in a wide range of electrooptic
materials [10). These are manifested as a space charge field that builds up across
illuminated regions. Many studies have been reported on photorefractive effects in
multiple-beam grating experiments such as two-beam coupling and four-wave mixing.

These phenomena also occur in single beam experiments where the space charge field
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builds up on the scale of the beam diameter rather than on the scale of the grating
period as in the multiple beam case [11]. Because the induced space charge field opposes

the applied field, the result is a reduction of the observed birefringence [12-14].

This optically induced decay in the birefringence is shown in Fig. 4. A 100-
MHz train of 70 ps pulses at 532 nm was focussed at a peak intensity of 50 MW/cm?
(average intensity 350 kW/cmz) between a pair of planar electrodes. As before, the
transmission of the beam propagating perpendicular to the film through crossed
polarizers is shown. A voltage pulse was applied resulting a field of 7 kV/mm in the
material. The transmission showed the typical very fast rise, instrumentation limited in
Fig. 4, but decayed in a ms timescale. The field was applied at t = 1 ms and maintained
to beyond 10 ms. The birefringence decay can be attributed to the optical generation of
free carriers, their drift and diffusion in the external field and trapping at impurity sites
causing an internal space charge field E, opposing the external applied field. E,
increases until a uniform current flows across both the illuminated and unilluminated
regions of the film. The fact that E; does not cancel the external field can be seen from
the remnant birefringence at long times. The optical origin of this decay process was

evident from a strong laser intensity dependence of the decay rate.

A similar decay is observed for the electric-field induced second harmonic
generation in these films; a strong dependence of the decay rate of the second harmonic
signal on the incident laser power density is observed. A detailed study is being carried
out on the intensity dependent generation of space charge fields resulting in the decay of
both the field-induced second-harmonic generation and the birefringence, since both

phenomena depend directly on the optically induced space charge field.




Mukherjee et al..  Electrooptics of Thin Film PLZT... 6

In conclusion, we report the deposition of highly oriented thin films of PLZT on
fused silica substrates. The quadratic electrooptic effect in these films results in a
birefringence of 0.018 at an applied field of 39 kV/mm. Instrumentation-limited
response of the electrooptic effect was found to be < 3.5 ns. Optically induced decay of

birefringence due to photorefractive effects in these films is also reported.
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Fig 1.

Fig 2.

Fig 3.

Fig 4.

FIGURE CAPTIONS

X-ray diffraction pattern of PLZT (28/0/100) thin films on fused silica

substrates.

Field on/field off transmission ratio through crossed polarizers at 514.5-nm

wavelength versus applied electric field.

High speed switching of electric-field-induced birefringence. The upper trace
shows the applied voltage pulse (85 V) and the lower trace shows the

transmission through a 500-nm PLZT (28/0/100) film between crossed polarizers.

Optical field induced decay of birefringence in presence of the applied electric

field. The time-averaged incident laser intensity at 532 nm was 350 kW/cm?.
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DC FIELD INDUCED SECOND-HARMONIC GENERATION IN
PLZT 9/65/35°

A. Mukherjee, S. R. J. Brueck and A.Y. Wu
Center for High Technology Materials
University of New Mexico, Albuquerque, NM, 87131

Centrosymmetry of molecular aggregates having a center of inversion can be
broken by applying an external DC electric field and even-order nonlinear optical
processes can be studied. Electric field induced second-harmonic generation (EFISHG)
has been studied in centrosymmetric polydiacetelene (PDA) to investigate resonant
enhancement of x(s) (-2w;w,w,0) and two photon generation of carriers’ and determine
the phase and value of X( (-2w;w,w,0) 2 EFISHG experiments have also been reported
on molecules in solution to study the molecular environment® and influence of carrier
substituents®. In this paper, we report the first EFISHG measurements in optically
transparent, ferroelectric oxide PLZT (La- doped lead zirconate titanate) ceramic
materials.

PLZT has a perovskite structure with a transition metal (Zr or Ti) at the center
surrounded by an oxygen octahedra with Pb or La at the corners®. Due to a strong
electrooptic effect, PLZT materials have been used as shutters, modulators, memories
and other devices®>. PLZT is stoichiometrically written in x/y/z notation where x stands
for the atom percentage of La, and y/z for the zirconium/titanium ratio. Selected
compositions of PLZT were studied by Haertling and Land® who demonstrated that the
composition 9/65/35 having quasiferroelectric (neither true ferroelectric nor true
paraelectric) behaviour was interesting from both scientific and application points of
view. At room temperature, PLZT 9/65/35 undergoes an electric field induced
reversible displacive phase transition a to A, where a represents a cubic paraelectric
phase and 4 a distorted cubic ferroelectric phase’.

The EFISHG measurements were carried out on a 9/65/35 PLZT wafer of
thickness 0.6 mm at room temperature and in an air ambient. A hysteresis behavior of
SHG signal versus poling field was observed. The contrast ratio achieved was 20:1 and
the area of the hysteresis was seen to decrease to a ‘slim-loop' if the SH signal recording
was sufficiently delayed after applying the poling voltage, the sample remaining
irradiated by the fundamental beam.

The 1.06um modelocked pulse train (82 MHz, 130 ps duration pulses) from a cw-
modelocked YAG laser served as the fundamental beam. A polarization rotator and a
Glan prism were used to select a linearly polarized fundamental beam of variable
orientation. A beam of 3W average power was focused ( 50um diameter) at 45° angle of
incidence on the region between two planar electrodes on the surface of the wafer. The
SH signal was observed along the specular reflection direction. A lens was used to
collect the SH light and focus on the active area of an uncooled photomultiplier tube.
An IR blocking filter, an interference filter, and a polarizer were used to select a
linearly polarized component of the SH signal. Conventional photolithographic and
metalization processes were used to deposit 30 nm of Cr and then 300 nm Au strips as
electrodes on the wafer surface. The electrodes had a gap of 60um and were 1.5 mm

long.
The poling was started with a positive voltage from 0V to 360V and down to 0V

in steps of 20V. At each step there was a delay, At, between the application of the
poling field and the SHG measurements. The same procedure was followed to trace out
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the negative poling branch. For the same set of polarizations (fundamental and SH) two
sets of data were taken, with At = 1s (Figs.la and 2a) and 30 seconds (Figs.lb and 2b).

Fig. | shows the EFISHG traces with both fundamental and SH polarizations being

parallel to poling field and Fig. 2 shows the traces with the fundamental beam having

parallel polarization and SH having perpendicular polarization with respect to the poling
field.

From these data we see that there is a small SH signal at the starting z&ro poling
field. Though the sample is nominally in the a (cubic) phase it is not strictly cen-
trosymmetric because of polar microregions associated with lattice defects, impurities
and local deviations from stoichiometry. We see that the SH intensity increases quadrat-
ically as the poling field is increased. This is consistent with EFISHG as a third order

process with the SH intensity being proportional to
1Y « x(s)(—zw;w,w,O) szEl 2

where E  is theqt:undamental field and E; is the local DC electric field. The quadratic
dependence of I°“ with the fundamental intensity was also confirmed. Weak saturation
behavior can be seen at the maximum poling voltage of 360V ( ~ 60kV/cm). Though
the saturating poling field is much higher than this, a further increase in poling voltage
caused arcing between the electrodes. This could be avoided with an improved sample
preparation and the addition of a dielectric layer on the surface allowing higher poling
fields and greater contrast ratio. On decreasing the poling field to zero the SH intensity
was a little higher than the starting value. This may be due to the remnant 5 - phase
resulting from strains inducaed by poling. The decrzase of the area of hvsterasis on delay
time is analogous to the ‘slim-loop’ behavior of dielectric hysteresis reportad at higher
temperatures®. If the poling circuit was suddenly opened, it was observed that the decay
of the SH intensity took about 30 seconds under irradiation with the fundamantal beam
and several hours if not irradiated. This is possibly due to photoinducad conductvity
and needs a more detailed study to fully understand this effect. Field-induced
birefringence measurements in the same configuration will also te reported.

In Fig. 2 we see an asymmetry in the SH signals of positive and negative poling
fields. This is because of the remnant spontaneous polarization resulting a residual
polarization field Ep opposing the external field Eo and so the local field E[ becomes
proportional to ( E. + E ) for the negative poling. This was not seen in the parailel SH

A 0. ; L .. L ;
case (Fig. 1). Also in prg 2. we observe a shift in the minimum of SH intensity away

from zero poling field.

In conclusion, we report the first measurements of EFISHG in ceramic PLZT
9/65/35. A minimum contrast ratio 20:! was observed. We have grown highly oriented
thin films of PLZT on various substrates in our laboratories and results on these
materials will also be presented. In addition to EFISHG, other field-induced nonlinear
optical processes such as FWM, stimulated scattering, and multiphoton absorption are

being studied in these thin films.
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THH Second harmonic generation in 3 new
arganic nonlinear chalcone derivalive crystal

G. J. ZHANG, T. KINOSHITA, K. SASAKI, Keio U.,
Dept. Electrical Engineering, 3-14-1 Hiyoshi, Yoko-
hama 223, Japan; Y. GOTO. A. NAKAYAMA, Nip-
pon Qil & Fats Co., Japan.

Some orgzanic polymer materials with large de-
locatized Pl-elecron systems exhibit extremely
large noniinearities Comparad with inorganic non-
linear materials. However, application researzn
has been rastricied because of he following:

(1) The largest seconc harmonic generaticn
tensor component is nct phase matchabdle. (2)
The bulk crystal is nct @asy to srepare. (3) There
aken is a suong apsorction in the useful SHG
wavelength region making it unsuitable as a norlin-
ear cptical material. (4)!n generai the mecharical
or physical crepeciies (deliquescence, volatility) of
the organic materials make them ditficult ‘¢ ~an-
cle

Wa presant nenlinear Splical properties arc
memhods ot srysial growth for a new organic ~on-
lirear oplica! material, 3 charcore Cerivative

(99}

S

ot X B

The material gives larze nenii~2ar optlical affac:s
which can somgpare with Z2-mathyl-d-nitrcaniine
(MNA).' Ogtically ransparen: and mecharucally
stable buik crystals of ~4 X 10 X 10 mm were
prepared Dy solution growth with precise tempera-
ture control over one month. The principal axis
directions and cleavage plane are shown in Fig. 1.
X-ray diffraction analysis shows that the crystal
belongs to the point group m, space group Pc with
a=15898A,b=7158A, c=5983A.and 3 =
87.18°. The second harmonic polarization P is
given as

P = dnEs + d,,E‘: + duEi +2dEE.
P, =20, EF, + 2d,EE,

P, = isE] + ) £) + dE5 + 20,,E .,

The cleavage plane is used tor SHG and refrac-
tive index measurement. From ellipsometric
Mmeasurements combining the cleavage plane (nor-
Mmal 10 the y axis) with the fast growth plane {normal
to the zaxis), the anisotropic refractive index along
the principal axis has been determined.

A O-switched Nd:YAG laser (A = 1 064 um)was
used for second harmonic generation. W was
found that the figure of merit of this crystal for the
component d., 15 ~400 times larger than &., of
LiNBO,

The anisolropic absorptior mdge of the restal
advantagecusty extends io the UV region as shown
nFig 2. Forlight polarized paraliel to the 2 ans it
ShOws 8 slightly larger absonrg hion than f0f Orhogo-
naily polarizmd ight  The coarser cimaved surtace

CLEQ '89/THURSDAY MORNING/276

for ihe tundamental ray at normal inCicence s1elcs
a gourchike SHG parern as shown n Fig 3 This
ganern completeiy obevs he ype 1 &riical phase
matching SHG cof Hoocen s classication - The
SHG pattern s projecied 3 a screen a: ine dack of
the crystat ang phatograpred  The SHG signal s
Guite sirong ang coherent.  The meiing point of
the crystal is 159 5°C ang 2xhubils ng deliques-
cence of subimanon it air  Furthermore, it ras a
high sehical Jamage shresncid and s ransgarent
even at the near UV region

{invited paper, 25 min)

1. B.F Levine. C. G. Bethea. C. D Thurmona, R.
T.Lynch. and J. L. Bernstein, J. Agpl. Phys. 50,
2523 (1579}
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THH2 Electrooptics of thin film PLZT

A. MUKHERJEE, STEVE R. J. BRUECK, A. Y. WU,
U. New Mexico, Center for High Technology Mate-
rials, Albuguerque, NM 87131,

Integratec optic devices sucnh as high speed
waveguiCe switches are essential components for
modulation and muitipiexing operations in optical
commumication and signat processing. Thin tiims
of the optically transparant ferroelectric oxide
Phla,-{2r,Tii.,):— 4404 (PLZT) materials have
very large elecirooptic eftects and are very prom-
ising materials for fabricating such devices. De-
position. characterization, and TIR switch opera-
tion in thin film PLZT has been reported by Adachi
et al.' and Higashino 2¢ al.® We report on the
ceposition of higrly orientad (100} PLIZT (28/0/
100) :hin films on a variery of subsirates, very fast
switching of elecrric-tislc-incuced direfringence,
and e lirst measurements of eleciric-field-in-
CuceC seconc Rarmonic jereration in these fiims.

Trun fitms (300 am ek ot PLIT (28:0/100)
were depcsitec :n healse (800°C) fused silica
suosirafes it 3 ¢f glanar magnewran sputtering sys-
em.  The x-ray diffracuen of these tiims suggests
tha: these hims are hignly ornieniec with (100) di-
rection normatl {0 the subsirate. Planar interdigi-
tated eleciroces (30 nm of Cr and 2C0 nm of Au)
were evapcratec on ine films.  Films were alsc
deposited on Si and Al,O5 subsirates.

To demenstrate ‘he electric-field-induced bire-
fringence, the films were sandwiched between
crossed polarizers with the electric field oriented
at 45° with respect to the transmission axes of
both polarizers. The field-on/field-off ratio of
transmission of an Ar-ion laser beam (514.5 nm)
through crossed polarizers vs electric field is
shown in Fig. 1. The electrooptic etfect showed a
dominant Kerr effect, and the quadratic electroop-
tic coefficient was estimated to be 0.6 X 10™'¢ (m/
V), which is in agreement with the value estimated
in Ref. 1. Note the birefringence shift of An =
—0.018 at an electric field of 68 kV/cm. The
switching speed measured is shown inFig. 2. The
upper trace shows the applied voltage puise (85 V)
of ~75-ns width and ~2-ns rise timea. The lower
trace shows the transmission as detected by a last
avalance photodiode with a characteristic rise time
of 3.5 ns. The time delay between these traces is
due t0 the cable transit time and is not an intrinsic
effect. Clearly, the response is instrumentation
limited. Note also that the birelringence follows
the turn-off tima of the voltage, being comparable
10 the rise lime is advantageous for many applica-
tions. The higher speed ol operation is expected
in these films. and measurements are under way 10
establish material hmitations

The first measurements Gf glecinc-Hinid-induc e
SeCond huarmonic generation n these hims are
shown i Fig 3 The fundamental beam was a
train of mode-locked 1 C6.um pulses of 100-ps
Suration ang B2.MHz repettion ra'e  The second

RArmoeiC siIgnal Nas Teen MO Tanzel 10 e rag,.
al sigrai at he ero 21'erma’ e The secone
NarmoMC SIGNal 3 e 127 2ulernal e s weae
refleclng he sseucocultic "alwe 2t ALIT 23 ¢

*00)  The agcncanuon Cf ar 28CrC e NCuces 3
wisplacement C! the Ci./Ger 2Clanesra 'rorm wg,
SYMMETIC pOSILON ADOWT The Ir {of Ti) 5:@5 Drag,.
NG he iINversion symmeTy St Te medium  Ngre
he 3 orders cf magriuce errancemer: ¢t me
SeCOoNC harmoniC signal al "¢ maximum acgiec
field. The guacratic Jependence of e secong
harmonic signal on e apoiied elecic fieis Ex
ansas out of the Nirg-orser suscectidility, namety,

- 2 I . NpeSel
N B Gl ERONCIVON Y g oS

In contrast 0 the birefringence, he second har-
monic signal gisplays a comglex iemporal cepen-
dence on long time {milliseconc) scales. The sig-
nal shows a large initial susceptidility along with an
intensity-depencent decay (lypically 50 ms at &
MW/cm?) to a lower steady state value. Detaileg
measurements of the polarizations. optical cower.
and applied eleciric lieid Zecencences o These
features are presented.

In summary: ‘We have reporied very fas:
switching {deteclion limited 10 ~J3 ns) in Tansmis-
sion through crossec polarizers and. we believe,
the first measurements of eiecwric-tield-incucec
secong harmonic generation in thin film PLZT ma-
terials. The polarization anc cower cepencences
of the funcamental beam on e peak, cecay. and
steady state values cf the seconc rarmenic sigral
in the gresence of an 2xierna: feid repcred her2
may grovide clues ¢ 3 Jener mMiCrIsCeeiC Toce:-
ing of the nenlinear susceptSthities of trese ‘arrc-
eleciric thin films.  Uses 'n integralec sctics anrd
spaual light modulaters ar2 Ziscussec {12 min)

T oMietsese, O

1. R Acacn:
Wasa, Azpl Srys, 500738 .

2. M omigasmrc. T, Kawagucr A Acacn, T Max -
nc, and O Yamazaw. Jgr J Acgi Fhys 24,
264 (1833 Suppr. 242

THH3 Sensitlvity of two-core tiber coupling tc
Hight-induced defects

M. A. SAIFI, Y. SILBERBERG. H. FOCUCKMARDT.
ANDREW M. WEINER, M. J. ANCREJCO., 8ellcore,
331 Newman Springs Rd, Red Bank, NJ 07701-
7020.

The nonlinear directional coupler based on the
intensity-dependent refractive index is a potentially
important device for all-optical signal processing
in ultrahigh bit rate communication networks.
Since it was originally proposed by Jensen' sever-
al applications as a logic gate, pulse compressor,
and optical transistor have been proposed. In a
dual core optical fiber nonlinear directional cou-
pler, all-optical switching in the femtosecond re-
gime has been demonstrated.? It is well known
that for complate power transter in the linear re-
gime, the two cores of a directional coupler should
have identical propagation constants and a length
preferably equal to one coupling length. The
matching of the propagation constants can be ob-
tained by fabricating a two-core fiber with identical
core and cladding parameters. Switching is then
achieved by perturbing the coupling with the inten-
sity-dependent change in the refractive index of
the input core.

We report 0n a small but discermible permanent
change n the refractive index of the germania-
dopec s1hica glass hber subjelias 10 Migh niens™
temiosecont puises al €20 "M We delievn the
telractive incer change 1s assciated wh severa:
germania retated detfect centers  The defec: re-
lated change 1n the retraclive -nde has Zeen rec.
ogmized. since refiecton’ granngs m zermania.
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THH1 Fig. 1. Single crystal shape and principal
axes directions for the chalcone derivative.
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THH2 Fig. 1. Field-on/fieid-off ratio of the

transmission of an Ar laser beam (514.5 nm)

through crossed polarizers vs applied electric

field.
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THH2 Fig. 2. High speed birefringence switch-
ing. The upper trace shows the applied voltage
(85-V) pulse, and the lower trace shows the trans-
mission of a 0.5-um thick PLZT film through
crossed polarizers.

TH41  Fig. 3. Gourdlike SHG signal pattern
t-om the chalcone oerivative crysial on & perpen-
Zrzuiarly positive screer at the pack of the crvstal.
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" NOVEL WAVELENGTH-RESONANT

OPTOELECTRONIC STRUCTURE AND ITS
APPLICATION TO SURFACE-EMITTING
SEMICONDUCTOR LASERS

Indexing ferms Nemic omductor caes, Inregrated optios, Semi-

conductor devoes and matornds

An optimied Jdewizn for opleedectronie desices which
depends o e
standimy wooe and the carmer population o deseribed. The
struciure Consinis U geantum el loers spaced at one half
the wavelenat of b elected opucal transiton 1n quantum
wetls. This spatial penodiaty allows the amplifying or
absorbing maedium rquantum wells o comnade with the
peahs of the stunding wase opieal tield in the Fabry - Pérot
cavits Insuon o penedio medium, the wan or absorption lor
the selected wae hos enhanced by g fuctor of two com-
pared to g umilo medium This concept way applied to
fabricate 4 surfuce-cmitting senuconductor laser in the GaAs
AlGaAs ssatem Lawing was achieved with the shortest gain

medium lenzth i 3200 ever reporied.

ravion betaeen an electromagnetic

Introduction. Mans optocicctzonie devices utilise interaction
of a standing cleciramugnete wave with an amplifying or
absorbing semiconductor medium. This interaction is not spa-
tially uniform. but 15 strongest at the antinodes of the
standing-wave optical tield and vanishes at the nulls. Thus, if
for example the medium is amplifving. the carriers located in
the vicinity of the antinodes are depleted by the interaction.
while excess cuarrers may accumuiate around the nodes. This
problem was investugated in the earls days of semiconductor
lasers' as a possible mechamsm for their multimode oper-
ation. Even though fist carner diffusion restores spatial
homogeneits. the gain of the mediurm is not fully utilised when
single-frequency light 5 generated. To eliminate this problem.
we propose here 4 new multifayer structure that maximises
the medium gain by contining the carriers to the antinode
regions. In amplifsing medic this will also reduce the ampli-
fied spontaneous emission tASE) due to carriers otherwise
present near the nodes. In particular. we apply this concept to
demonstrate that surface-emutting (SE) lasers with reduced
threshold cun be huilt and we report successful operation of
optical pumped AlGaAs GaAs SE laser.

Device concepr. Consider a4 mululayer  structure which
involves a series of very thin layers (quantum wells) separated
by relatively thick spacers, as shown schematically in Fig. 1.
The bars represent single quantum wells or groups of multiple
quantum wells kept very close together. For the interaction
with light to be limited to the quantum well (QW) medium,
the spacer thickness has to match one hall of the selected
wavelength in the medium. corresponding to a particular
transition in the QW. Morcover, the phase of the reflected
wave from the material surface must be such that peaks of the
standing wave optical field coincide with the periodic QW
medium.
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¥ig. 1 Schematic diagram of periodic structure to enhance mieraction
between standing-wai ¢ optical held and charge carriers

7 s resonant waselength in spacer medium

Todtustrate the effect of the periodic QW medium on inter-
action with a stunding-wave pattern we consider the case of
amphfving medium in a Fabry Perot (FP) cavity (an analo-
gous argument could be presented for absorptive mediumy

For a medium nonuniform along the resonator axis direction
i>1 the integrated gain Gea) is given by

4

Crr) = ' st d: th

2

where [oas the resonator length. gizy and mo are longitudinal
protfiles of matenal gain and refractive index. and 7 is the
free-space wanvelength of the standing wave. For a uniform
medium, the integral (egn. D ogives Gi-) = gl 2. that s only
tait ol the available matenial gain s utihised. Consider now a
pertodic ginn medium llustrated in Fig. 1. with single
quantum wells separated by + =2 2n,. where n, 15 the
refractive tndex of spacer matecial twe ignore here the phase
~hift in the QW A< shown n Fig: 20 Gis) has a resonance at
. which enhances the available gain. The discrimination for
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Fig. 2 Integrated relunive qain of pertodic meduam consisting of sinale
Juanium wells separated by spacers maiched to - halp-wavelength at
N5 am

- 13 wells = eee - 60 welis
30 wells

the resonant wivelength improves with the increasing number
of QW lavers. This is analogous to the situation where the
resolution of a grating is improved by illumination of a larger
area (more hines). Away from the resonance. G(2) approaches
the limit of Ny, L. 2, saume as for the uniform-gain medium (V.
d,. and L, are the number of QW layers, gain, and thickness
of each QW, respectively). At the resonant wavelength the
integrated gain coeflicient G(4,) is a factor of two larger.

Surfuce emitting laser: The proposed structure has potential
for applications in various optoclectronic devices such as
lasers. amplifiers, modulators, low threshold optical bistable
switches., photodetectors, etc. In the remaining part of this
letter, we demonstrate its usefulness for vertical-cavity SE
lasers. Previously reported vertical-cavity SE lasers?* suffer
from high thresholds and low efficiencies caused by short
active-cavity lengths (typically a few pm), significant ASE in
the direction transverse to the lasing axis, and lack of confine-
ment of carriers and optical fields.

Apart from enhanced integrated gain, the proposed struc-
ture has additional appeal for SE lasers because it reduces the
ASE. Since the spacer medium around the nodes of the optical
field contains no free carriers, the spontaneous emission loss is
reduced and longitudinal spatial hole burning is eliminated.

Experiment: As an initial demonstration of the wavelength-
resonant structure, we have fabricated an MBE-grown GaAs/
AlGaAs SE laser cavity consisting of 32 GaAs 10nm thick
quantum wells separated by 120nm thick Aly,(Gag +sAs
spacers. The top end AlGaAs spacer, on which Al coating was
deposited to increase the reflectivity, had 60nm thickness to
account for the phase change of reflected light. The Al-coated
side was bonded to a piece of glass for support and the GaAs
substrate was removed by standard selective chemical etching
which stopped at an AAs GaAs short period superlattice The
total thickness of the processed sample tand the length of +P
cavity) was ~4 3am. Itas worthwhile 1o point out that the
structure does not act as a distnbuted feedback laser. caleu-

~ Reprinted from ELECTRONICS LETTERS Ist September 1988 Vol 24 No. 18 pp. 1140-1142




lations including the etfects of refractuve index and gain yield
the total rediectvity smaller than 17

The structure was optically pumped using a 10Hz pulsed
dyve faser opersting at 630nm. with a 7ns pulsewidth. A
monochromator was used to separate the pump beam and u
photomulaphier was empioved for detection. Experimentally
determined threshold for room temperature fasing was 6 MW
cm’. We huase thus Jemonstrated a semiconductor laser with
the awine madium length of only 320nm: previously, the
shortest reported tength was 13 um for a multiple QW active
region. Fizo 5 shows both room temperatute and 77K data
well above threshold. By comparing with absorption spectra.
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Fig. 3 Speciraor SE Lnver optcally pumped well uborve threshold

@ Roonitemperature, P - AXP B = 380n). <005
AOTRKLOP = 0P, B, = 820N <002

we assigned room temperature lasing spectra to n =2 and 3
transitions. Emission around 820nm (n = 2) corresponds to
the resonant wavelength selected in the design of the structure.
Emission at n = 3 is attributed to higher material gain caused
by higher density of states. At 77 K. the bandgap widens and
the resonant wavelength is close to n = 1 transition at §30 nm.
as illustrated in Fig. 3.

Conclusions. We have described a new optoelectronic struc-
ture which enhances the interaction between a standing-wave
optical field and charge carriers. A factor of two improvement
In gain absorption s predicted. We implemented the design to
fabricate a surface-emitting GaAs AlGuAs laser and have
demonstrated the lasing action by optical pumping The totad
thickness of the structure was ~343um with cumulaie
active-medium length of only 320nm. which 1s the shortest
ever reported.
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Surface-emitting, multiple quantum well GaAs/AlGaAs laser with
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A novel surface-emitting semiconductor laser with a vertical resonator, extremely short gain
length, and enhanced gain at a specific design wavelength has been demonstrated. The gain
medium consists of a series of GaAs quantum wells separated by AlGaAs spacers whose
thicknesses are chosen to be one-half the wavelength of a particular transition in the quantum
wells. This structure forces the antinodes of the standing-wave optical field to coincide with the
gain elements, enhancing the gain and frequency selectivity in the vertical direction and
substantially reducing amplified spontaneous emission. We have achieved optically pumped
lasing with a threshold of 6 MW/cm® at room temperature in a molecular beam epitaxially
grown structure of thickness 4.3 um, of which only 320 nm provided gain.

Semiconductor lasers which emit from the surface'™
rather than the end facets hold promise for monolithic op-
toelectronic integration,® optical chip-to-chip interconnec-
tion, and for high-power large area two-dimensional arrays.®
GaAs/AlGaAs and other ternary and quaternary III-V
compound semiconductors are most attractive for such ap-
plications. Realization of these systems, however, has been
impeded by the limitations of existing surface-emitting (SE)
laser designs, particularly the high thresholds and low effi-
ctencies of devices with vertical (normal to the chip plane)
resonators. These problems are mostly due to the short
length of the gain medium ( ~2 um) compared to the trans-
verse dimensions, lack of carrier and optical confinement,
and the generation of competitive amplified spontaneous
emission (ASE) in the transverse direction. On the other
hand, the short cavity length ( ~5 um) of SE laser results in
a large Fabry-Perot (FP) mode spacing which favors single
longitudinal mode operation of these devices.

In this letter, we report a novel GaAs/AlGaAs opto-
electronic structure which optimizes the overlap between
the gain medium and the optical field of a selected lasing
mode. The result is an anisotropic and strongly wavelength-
selective gain medium; the gain for the selected mode is en-
hanced over other longitudinal modes and ASE in the trans-
verse direction is substantially reduced. Consequently, the
efficiency will be higher and the lasing threshold lower than
in a conventional double heterostructure or multiple quan-
tum well (MQW) gain medium of the same length. Our
preliminary data for pulsed dye laser optical pumping at 77
and 300 K confirm these expectations.

The most important feature of the new structure is that
the position of very thin active regions is arranged such that
they coincide with antinodes of a vertical standing-wave pat-
tern at the lasing wavelength. Figure 1 illustrates the struc-
ture schematically, with the black lines representing the

' Also with the Department of Physics and Astronomy, University of New
Mexico.

* Also with the Department of Electrical and Computer Engineering, Uni-
versity of New Meaico
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GaAs quantum wells (active regions) separated by passive
AlGaAs spacers. The spacer thickness is A /2, where
A( =Ay/u) is the wavelength of room-temperature emis-
sion from the quantum wells propagating in the AlGaAs
medium (i.e., A, is the free-space wavelength corresponding
to a selected transition in the GaAs quantum wells and u is
the AlGaAs index of refraction at this wavelength). In this
geometry, the periodic MQW gain medium is aligned with
the antinodes of the electric field of the standing-wave pat-
tern set by the FP cavity. When the MQW period is matched
to the emission wavelength, there is no possibility of longitu-
dinal spatial hole burning because the gain medium coin-
cides with the peaks of optical field. The spatial overlap inte-
gral between an optical field and the gain elements is
enhanced in the vertical direction at a specific wavelength
determined by the period of the gain medium, hence the gain
in this structure is both anisotropic and wavelength selective
which should favor single longitudinal mode operation. The
usual spatial average over a squared sinusoidal function to
determine the effective gain along the resonator axis does not
apply to this structure, which results in a factor of two en-
hancement in gain coefficient compared to conventional SE
lasers. Moreover, since there is no gain medium between the
peaks of electric field of the lasing radiation, the ASE around
the nodes of standing-wave pattern is eliminated which will
result in higher external efficiency. This new design should
then improve considerably the performance of SE lasers.
The particular structure used in our experiments con-
sisted of 32 10-nm-thick GaAs quantum wells, separated by
Alg ;s Gag 55 As spacers each 120 nm thick grown by molecu-
lar beam epitaxy. To account for the phase shift of reflected
radiation the thickness of the end spacer was A /4, with an Al
coating deposited to enhance the reflectivity’ to R, =75%.
The device was then epoxied Al-side down onto a glass slide
and the GaAs substrate was removed by standard mechani-
cal polishing and selective chemical etching techniques. A
20-period superlattice of alternating 2.5 nm AlAs/GaAs
layers was not removed by this process. The output mirror of
the vertical cavity was formed by the uncoated sample/air
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FIG. 1. Schematic diagram of surface-emitting MQW laser structure with
wavelength-resonant periodic gain medium. Thick lines represent GaAs
quantum wells. 4 is the wavelength of GaAs quantum well emission propa-
gating in the AlGaAs spacer medium.

interface, with R.=30%%. The total thickness of the pro-
cessed structure was ~34.32 um as confirmed by the FP
mode spacing observed in transmission spectra.

Figure 2 shows a room-temperature intensity-transmis-
sion spectrum of an uncoated sample (no Al reflector) for
the region between A = 1000 and 700 nm. Clear n = 1, 2,
and 3 electron-hole excitonic features are exhibited at
A = 853, 815, and 762 nm, respectively. Also apparent are
FP fringes whose separation can be used to estimate the
thickness of the entire structure.

Optical pumping studies were carried out usinga cw Ar-
ion laser and a pulsed tunable dye laser pumped by a fre-
quency-doubled @-switched YAG laser, while a mono-
chromator, cooled GaAs photomultiplier, and a com-
puter-controlled data acquisition system were employed for
detection.

70 . ' y
60+
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40+ : .
30+ n =1 g
201 .
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o 1 i
700 800 9200
WAVELENGTH (nm)

1000

FIG. 2. Spectrophotometer scan of the laser structure bonded to a micro-
scope shide, with the GaAs substrate remosed. Electron-heavy hole exci-
tonic features corresponding to atlowed quantum states are indicated
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FIG. 3. Low-intensity cw photoluminescence from the SE iaser structure
using 514.5 nm Ar-ion laser excitation at (a) 300 K. 71 W,/cm” and (b) 77
K. 3 W/cm®. Heavy- and light-hole excitonic peaks are indicated.

Figure 3 shows cw photoluminescence { PL) data taken
at room temperature and 77 K using an Ar-ion pump source
at 514.5 nm which excited a few quantum wells near the
surface of the sample. Prominent features of the room-tem-
perature PL spectrum are n = I, electron-heavy hole exci-
tonic peak with superimposed FP modes. At 77 K, heavy-
hole (1 e-hh) and light-hole (1 e-lh) peaks are clearly
resolved. The width of the heavy-hole excitonic peak (1.3
meV at 77 K) agrees with the recent theoretical calcula-
tions.* The quality and uniformity of the structure is evi-
denced by the absence of any structure at the peak, even at
0.1 nm resolution. The splitting between heavy-hole and
light-hole transitions is ~9.5 meV (5 nm). close to the pre-
dicted value based on the envelope function approximation.’
The PL data obtained using a cw dye laser pump source at
710 nm, which excited all 32 quantum wells, showed a re-
markable uniformity of the quantum wells without any no-
ticeable broadening over the resvlts shown in Fig. 3.

Lasing was achieved at 77 K and at room temperature
when the device was pumped with 7 ns pulses at I10Hz fiom a
tunable dye laser operating at 680 nm. Figure 4 shows emis-
sion spectra at 300 K for increasing pump pulse energy, be-
ginning just below the lasing threshold. The progression
from broadband spontaneous PL to stimulated emission at
n = 2and n = 3 subband transitions is evident. The PL spec-
trum near the threshold is much broader than at low excita-
tion levels as a result of band-filling effects. A sharp transi-
tion from broadband spontaneous PL to stimulated emission
was observed at ~ 140 nJ pulse energy (corrected for reflec-
tion from the sample surface and the window losses). Since
the pump pulse was focused into a ~20 um spot. the room-
temperature threshold intensity was ~6 MW/cm™ At 77K
lasing occurred at a co.aparable threshold energy. but the
lasing transition involved n = | subbands whise warvelengtt
at this temperature closely matches the periodion o b
gain medium.
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FIG 4 Emission spectra of the SE laser structure pumped using 680 nm
tine of a pulsed dve Jaser (10 Hz with 7 ns pulse duration) at different pulse
energies.

Further reduction in the threshold is possible by incor-
porating high-reflectivity stacks, possibly epitaxially grown
at the <ame time as the gain medium™'" which will improve
the cavity @ at the desired emission wavelength. This will
aleo obviate the necessity for GaAs substrate removal and
honding 1o a4 supporting substrate.

A« pointed out above, the alignment of the peaks of the
optical standing-wave field with the half-wave-spaced quan-
tum well gain media resulis i an optimal overlap integral
between the lusing mede and the spatial gain distribution in
the vertical direction and at the desired wavelength. The
usual sine-square averaging in calculating the overlap
between a standing wave and a uniform gain medium is
therefore absent. and the effective gain is increased by a fac-
tor of 2. This is confirmed by a simple single-mode density-
matrix calculation'' for our structure.

It is important to recognize that the wavelength-reso-
nant SE laser described in this letter is not a distributed feed-
back { DFB) structure.'* Predominantly, this is because the
quantum well gain regions are very thin relative to the opti-
cal wavelength. A straightforward calculation of the power
reflectivity induced by each quantum well shows that the
reflectivity isonly ~4 x 10, with main contribution due to
gain rather than the real part of the refractive index. Thus
the reflectivity is only 1.29% for all 32 wells and the cavity is
dominated by the cnd mirrors and not by DFB effects. It is
interesting to speculate on growing a similar structure com-

‘680 Aopt Phys Let: Vo' 53.No 18 31 Oclopber 1988

posed of alternating /£ /4 sections of AlGaAs. Such a struc-
ture would have unique quantum optical characteristics.

In summary, we have fabricated and demonstrated the
operation of an optically pumped surface-emitting GaAs/
AlGaAs laser with a vertical resonator. This laser features a
series of GaAs quantum wells separated by half-wave
AlGaAs spacers, with the resulting anisotropic and highly
dispersive gain medium. Such a novel structure offers several
potential advantages over comparable bulk devices, notably
lower threshold, higher efficiency, reduced spontaneous
emission, better spectral and power-handling capabilities.
The total length of the active medium was only 320 nm,
which to our knowledge is the shortest ever reported for any
laser. Various means of reducing the room-temperature
threshold of 6 MW/cm” for pumping at 680 nm are suggest-
ed. This structure also has potential applications as low-
threshold high-speed optical bistable switching device and as
a periodic gain medium for correlated spontaneous emission
lasers.'®> We are in the process of fabricating similar struc-
tures with integrated high reflectors grown as epitaxial mul-
tilayers of AlAs and AlGaAs between the substrate and the
SE laser structure. We are also investigating electrical
pumping schemes for this novel surface-emitting laser.

We are grateful to Dr. W. Streifer. Spectra Diode Labo-
ratories, for valuable comments. We aiso thank Professor M.
O. Scully and Dr. M. S. Zubairy, Center for Advanced Stud-
ies. Department of Physics and Astronomy, University of
New Mexico, for helpful discussions. This work was sup-
ported by the U. S. Air Force Office of Scientific Research.
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MOCVD GROWTH OF GaAs/AlGaAs
WAVELENGTH RESONANT PERIODIC GAIN
VERTICAL CAVITY SURFACE-EMITTING
LASER

Indexinyg terms.: Semiconductor lasers, Vapour deposition

The first all-semiconductor GaAs/AlGaAs vertical cavity
laser incorporating wavelength resonant periodic gain layers
grown by metalorganic chemical vapour deposition is report-
ed. The optically pumped structure exhibits a threshold of
0-5nJ at 852nm for 720nm pulsed excitation and energy
conversion efficiencies up to ~6%. The output linewidth is
<0-4nm FWHM with single longitudinal mode oscillation.
An output of 0-43 nJ (~60mW) is demonstrated at 300 K.

Introduction: It has recently been reported!? that a resonant
periodic gain (RPG) medium is useful for reduction of thresh-
old pump requirements in vertical cavity surface-emitting
lasers (VCSELs). Previous reports''> have been based on
materials grown by molecular beam epitaxy (MBE). However,
the use of metalorganic chemical vapour deposition
(MOCYVD) as a growth technique for these, and related struc-
tures,’ is desirable owing to its characteristic accelerated
growth rates and high-quality optical device materials. In this
letter we describe a new laser structure grown by MOCVD
which incorporates both distributed feedback (DFB) and the
RPG medium to form the active region, while epitaxial multi-
layer reflectors (MLRs) provide cavity mirrors. The consider-
ations for successful materials growth of VCSELs
incorporating the RPG with DFB, as well as preliminary test
results, are reported.

Design considerations: Several important considerations must
be made. First, the periodicity of the RPG must match half
the lasing wavelength i, which, in turn, must match the gain
of the n =1 QW transition. Secondly, the MLRs must be
designed such that the reflectivity peak aligns with 4,.
Thirdly, the phase of the optical standing wave, fixed by the
optical thickness of the 159 MOCVD layers, must allow the
amplitude peaks (antinodes) to spatially overlap the QWs of
the RPG. These conditions place stringent demands on
material uniformity and reproducibility. The optical thick-
nesses of the DFB and MLR layers should be }i,, where i,
must be within the tolerance of the gain spectra which is
typically less than +5nm. This translates to a layer thickness
tolerance of +0:6%. Excessive deviation from this will result
in unacceptably high thresholds due to gain mismatch. Also,
the MOCVD material must be capable of providing QW het-
erostructures with high quantum efficiency, and smooth and
abrupt interfaces. We use the periodic nature of the gain
layers to provide additional DFB as shown in Fig. 1. The
MLRs are designed to provide 99-7 and 99-95% reflectivity
for the output coupler (right) and reflector (leit), respectively.
The centre layer of the RPG medium provides a $4 thickness
needed for aligning the optical standing wave to the RPG.
This structure incorporates another unique feature important
for both optical and electrical pumping applications. The
larger Al mole fraction in the mirrors increases the bandgap
by several kT at room temperature over that in the active
region. This allows for a reduction in optical pump absorption
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in the mirrors, while maintaining active region pumping efli-
ciency. Finally, for electrically pumped diodes, it will help
confine injected carriers to the QWs and adjoining
Al Ga, _ As layers.

Material growth: Epitaxial layers were grown at 100 torr i1 a
horizontal MOCVD reactor at 725°C in hydrogen. The
carrier flow was 10slm. Trimethylgallium (—10 + 0-1°C) and
trimethylaluminium (17 £ 0-1°C) from CVD Inc.* were used
with arsine from Phoenix Research Inc.t as reactant sources.
The metalorganic sources were maintained at 880 + 3 torr
independent of process pressure and monitored by capac-
itance manometers. The growth rate was 50 nm/min except in
the QWs, where it was 40 nm/min. The V/III ratio was main-
tained at 50 (62-5 for QWs). A 20s growth stop was incorpo-
rated into each interface in order to change flows. The
reaction chamber was etched at 900°C in HCI vapour prior to
each run. A rectangular flow channel and inclined susceptor
was used to achieve thickness uniformities of +2% over 90%
of a 50 nm diameter substrate.

Characterisation: Materials were characterised using room-
temperature photoluminescence at 5kW/cm? HeNe laser exci-
tation and IR reflectivity using a spectrophotometer. Optical
pumping of the device structure was carried out using an
experimental set-up which has been reported elsewhere.! The
input pump energy takes into account loss due to the focus-
sing optics and surface reflection. Conversion efficiency was
determined using a calibrated Si photodiode.
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Fig. 2 Experimental and theoretical curves for as-grown device struc-
ture

Results and discussion: Careful calibration of the individual
layer thicknesses consistently led to periodic structures with
the reflectance peak centred at 4,. The result is that 40-50%
of the wafer area has a A, which falls under the aliowable gain
spectra of the QWs. The final device structure has the reflec-
tance spectrum shown in Fig. 2. The cavity mode is seen as a
small dip in the theoretical reflectivity curve. The experimental
curve shows good agreement with theory, with some loss in
resolution. This is due to the [ cm? measurement area, over
which thickness nonuniformities of +0-2% become signifi-
cant. The lasing threshold for pulsed excitation was deter-
mined for various pump wavelengths as shown in Fig. 3. The
threshold is the point at which a sharp peak (~0-4nm
FWHM) was observed to clearly dominate over the sponta-
neous emission background spectra. The pumping threshold
attains a minimum value at 720nm, which is between the
bandgap energies of Aly ,0Gag.g0AS 2nd Algy.,5Gag.75As. This

* CVD Inc,, Danvers, MA, USA
t Phoenix Research Inc., La Mesa, CA, USA
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illustrates the effectiveness of the absorption in the RPG/DFB
region where the MLR is transparent. At shorter wavelengths
the pump radiation is absorbed in the MLR, while at longer
wavelengths it is not absorbed efficiently by the RPG/DFB
region.

Fig. 4 shows the output energy against input energy at
720nm pump wavelength. The overall power conversion effi-

ciency is ~6% at 0-43nJ output power. The small loss of
pumping efficiency due to absorption in the MLR and trans-
mission through the RPG/DFB region has been taken into
account. The laser linewidth did not broaden significantly
with pump power. It is expected that both the efficiency and
threshold will improve substantially, when transverse optical
and carrier confinement is achieved and the spot size is
reduced for injection pumped structures.

Conclusion: A novel GaAs/Al Ga,_,As vertical cavity
surface-emitting laser with resonant periodic gain combined
with distributed feedback is demonstrated. The MOCVD
growth process exhibits the high degree of control and repro-
ducibility required for thickness and composition control to
within less than 1% over ~45% of a 50 mm-diameter sub-
strate. With a cumulative gain length of 200nm and a
pumping threshold of 0-5nJ at 720nm for a 25 um spot, the
device exhibits a single stable longitudinal mode output at
852nm with a 0-4nm FWHM, and conversion efficiencies up
to ~6%. Further experiments are aimed at demonstrating
300 K CW operation of injection pumped devices.
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which contains all five subearrier channels The wone case
power penaity corresponds to the 1 2GHL sudcarster shanne,
of the 1 322um transmutter (the muddle of the five ~efected
»dveiengths) and was measured to be 2-2dB Aoout 1dB o7
the penaliy wus accounted for by the coherent heterodsne
etfect! ™ that arose from the Bve RF drivng frequencies inter-
acting with a single oplical wave an the 1AOTF The rest of
the penalty was probably due to the imperfections in the RF
sy nthesiset chain that caused further coherent heterods ae deg-
radation.

Concitaton We have demonstzated simultaneous, 1ndepen-
dent, dve-waveleagth  filtering usitg un wniegrated-optic
Jeousto-optic tunable Alter with o wavelength separation of
22nm. The worst-case power penalts due to the coherent
heterodyne etfect is fess than 2-2dB at this wavelength separa-
tion, demonstrating  the  feasibilty  of  dense  multipie-
wavelength operation.
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HIGH-EFFICIENCY CW OPERATION OF
MOCVD-GROWN GaAs/AlGaAs
VERTICAL-CAVITY LASERS WITH
RESONANT PERIODIC GAIN

Indexing terms: Semiconductor lasers, Refractive index pro-
Jiles, Vapour deposition

A GaAs/AlGaAs vertical-cavity surface-emitting laser with
resonant periodic gain has been grown by metal-organic
hemical vapour deposition. The as-grown structure exhibits
an optically pumped CW threshold below 1SmW at 300K
and a single-ended power efliciency up to 45%. Fundamental
Gaussian and higher-order modes ace observed with spectral
widths (FWHM) as low as 0-27A.

Intraduction: Applications in optical communications, com-
puting, salid-state laser pumping and high-power 2D arrays
will benefit from the development of semiconductor lasers
which emit normal to the waler surface. Of the currently avail-
able approaches (grating coupling. turning mirrors and verti-
cal cavities). the vertical cavity surface emitting laser
(VCSELY' places the most stringent demands on material
quality. However, the benetits gained from VCSELs include
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the potential for planar dinde fabrication, stable single-mode
oscillation, low-divergence circular output beam, very small
area and simple extendabihity to 2D arrass. [t has been
proposed® and recently demonstrated’™* that a resonant
periodic gain (RPG) medium 1s useful for reduction of thresh-
old pump requirements in VCSELs. These reports have indi-
cated that improved performance is obtained, but low
efficiencies and high thresholds have precluded use in pracuical
applications. Recently however, independent studies® have
demonstrated RPG VCSELs by molecular beam epitaxy
(MBE) which extubit opucally pumped. CW, room-
temperature operation. In this letter, we describe growth by
metal-organic chemical vapour deposition (MOCVD) and
properties of an improved low-threshold, high-efficiency and
narrow-linewidth optically pumped VCSEL which has oper-
ated CW at room temperature.

Experimental: The MOCVD apparatus used is of the conven-
tional low-pressure horizontal design. The radial injection
manifold is pressure-balanced with zero dead space design.
The main and vent carrier flows are split equally between
source channels at the injection values. The chamber is load-
locked to atmosphere via a nitrogen-purged glove box. Com-
puter control with 10ms loop times allows precise timing of
control parameters. Details of the growth parameters have
been reported elsewhere.*

Materials were characterised by using room temperature
photoluminescence at SkWjcm?, HeNe-laser excitation and
IR reflectivity. Lasing results were obtained with CW dyc
laser excitation (700-750 nm) focussed onto the walfer using a
microscope objective which a%so served to collect the VCSEL
laser radiation.® The wafer was mounted on a glass slide with
double-sided tape. Power and efficiency measursments were
made with a cross-calibrated power meter. Spectral measure-
ments were performed using 3 1 m double monochromator
with resolution 0-1A. The input pump power takes into
account attenuation owing to measured surface reflection, as
well as the 15% calculated loss owing to absorption in the
front mirror and transmission through the active region.

Design considerations: The RPG VCSEL structure refractive
index and composition profile are shown in Fig. 1. The optical
thickness of the multilayer redector (MLR) layers are one-
quarter of the lasing wavelength corresponding (0 the n = 1
quantum well transition. One-hall wavelength spacing is used
in the active region where 20 quantum wells are placed at the
optical antinodes, also indicated in the Figure. In a2 previous
report,* we had taken advantage of the periodic nature of the
gain layers to provide additional distributed feedback (DFB)
in the active RPG region. Although the design of Reference 4
provides stronger cavity feedback and should reduce the
threshold, the active region forms a compound cavity with the
MLRs. The result is that the mode of the active DFB region
and the MLR cavity mode must be exactly coincident to
realise the benefits of a DFB active region. This requires thick-
ness tolerances better than +0-05% between layers for the
DFB and MLR regions. It is therefore preferable to reduce the
effect of DFB in the RPG region to eliminate these cavity
mode-malching requirements. In the present case of uniform
active region barriers, the active region feedback, although
significant, is much reduced. The MLRs on either side of the

RPG V(SEL
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Fig. § lllustration of epitaxial structure in which the number of periodic
layers has been reduced 1o simphfy interpretation
Also shown is standing-wave electric field corresponding to reson-
ant mode of gain medium
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RPG are designed to provide reflectivities of 9993, (30§
periods on the GaAs substrate) and 99-7%0 (20 penads termi-
nauing in air) for the high-redector and output coupler, respec-
tively. The increased Al mole fraction in the murrors (Fig. 1)
reduces the optical pump absorpuon while maintaining active
region pumping efliciency
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Fig. 2 Optical power output against input for 739 nm CW excitatton
using 20 x pump focussing objective
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Results and discussion: The CW lasing threshold was deter-
mined for various pump wavelengths. The threshold attained
a minimum value befow 15 and 25mW at 739nm for 20 x
and 5x pump focussing objectives, respectively. At shorter
wavelengths, the pump radiation is absorbed in the output
coupler MLR and at longer wavelengths. it is absorbed less
efficiently by the RPG region. Variations in the layer thick-
nesses over the substrate area were also observed to cause
changes in threshold and shifts in the lasing wavelength.

Fig. 2 shows the output power 3gainst input power at
739nm pump wavelength. The overall single-eaded power
conversion afficiency is ~43% at 18SmW output power The
dominant transverse mode output is observed to change as
the pump power is increased. evolving from fundamentai
Gaussian to higher orders. Kinks are observed in the output
power corresponding to these mode changes making ut difli-
cult 10 measure differential quantum efficiency. Heating is
evident as the roll-over in the curve at higher powers. Typical
output spectra are shown in Fig. J. indicating the character-
istic spectral broadening and red-shifting with increasing
pump power. Uing § x and 20 x focussing objectives for the
pump, the near-field FWHM is 26 and 7pm, respectively.
Both the near and far-field patterns foliow [undamental
Gaussian distributions at low pump powers, with near
diffraction-limited beam divergences.

s
e
Q@ ———— -—D
3
g
3
2.
4580 859C 8600 86!0 8620
wavelengn A T

Fig. 3 Spectral output for different pump powers at 739am. using

3 x pump focussing objective

a FWHM 0274, 31-SmW pump
b FWHM 0354, 42mW pump
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Conclusion A GuaAs. Al Ga, As vertical-caviy surface.
anutung laser with resonant pertodic gain has been grown by
MOCVD Opucally pumped power conversion efficlency.
threshold pump power and spectral linewidth values of 45°s,
tEmW oand D 27 A respectively, represent substantial enhance-
ments In performance over previously described structures
Our devices tase CW at room temperature delivering output
powers of over 20mW ar ledam. Improved performance s
expected with heat-sinking and lateral confinement of both
the carriers and the optical mode
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Ka-BAND HIGH POWER PSEUDOMORPHIC
HETEROSTRUCTURE FET

Indexing terms: Semiconductor devices and materials, Tran
sistors, Field-effect transistors, Power d: devices

A 0-25um gate-length, 900um gate width doped-channet,
pseudomorphic heterostructure FET with high output power
and cfficiency is reported. At 3SGHz output power is
658mW with 3-2dB power gain and 24% power-added effi-
ciency.

Introduction: Ka-Band GaAs MESFET power transistors
have exhibited high output powers: FET.based monolithic
amplifiers have demonstrated 1-1 W output power at 28 GHz
with 3dB gain and 11% power-added efficiency,! and 0-6 W
output power at 34 GHz with 2 8dB gain and 9%, efficiency.’
Pseudomorphic high electron mobility transistors (HEMTs)
have recently demonstrated higher power denmity (output
power normahsed to gate width) and efficiencies than compa-
rable FETs.) but the power levels reported to date have been
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Jow (< TSOmMW), imted by device gate width. In ths letter.
we present results for a large gate width, pseudomorphic, het-
srostructure FET (HFET). The device 1s denoted as an HFET.
rather than o HEMT, since doping has been added 1o the
GalnAs channel, thereby reducing the clectron mobihity

Devwce descripuion. The pseudomorphic HEMT, formed by
adding a4 thin layer of GalnAs to the conventional AlGaAs.
Gaas HEMT. provides improved RF power periormance as a
result of a larger conduction band disconunuity and the
improved confinement atfforded by the quantum well.* Recent-
Iy, several workers have reported that the addiuon of Joping
within the GalnAs quantum weil of a pseudomorphic HEMT
can increase device transconductance and current density, and
that the associated degradation in electron mobility does not
adversely affect device performance since che saturated veloc-
ity, which is more important, remains uachanged.’-®
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Fig. 1 Cross-section of doped- hannel pseudomorpmc HFET

A channel cross-section of the Jdoped-channel pseudo-
morphic HFET used in this work s given :a Fig. 1 A
30 A-thick region in the ceatrs of the 150 A Galaas layer has
been doped at a concentranon of 33 x {0 Y em ™ Addiorai
carriers are provided by a laser of Si planar Jdoping in the
AlGaAs, separated from the Gainas by 3 435 d-thick undoped
AlGaAs spacer. The laAs mole fraction and the Alas mois
fracaon a the modulation doped iaser are both 7', Hall
measurements of this wafer at 300 K ytelded slectron mobiin
of 2800¢m* Vs und sheet density v, of 3§ ¢ 104 em™*

A 0-25 um-long T-shaped cross-sectton gate 15 emplosed 0
obtain high gain with low series resistance. A low-resistance
gate structure is essential in a farge power transistor sinve 2
allows loagsr gate fingers. and heacs ultimately higher output
power. The 900 um gate width HFET is shown in Fig. 2. The
device consists of two cells, each containing six TSum gate
fingers. The source electrodes are interconnected with plated
air-bridges and source grounding is accomplished with via-
holes etched through the 50 um-thick substrate.

Performance: The transistors display a maximum trans-
conductance of 5S0mS/mm and full-channel current of
800mA/mm (measured at V, =2V, V, = 1V) The power
performance was measured at 35 GHz using a test fixture with
E-field probe waveguide/microstrip transitions and microstrip

Fig. 2 Power HFET with 025 ym x 900 um gate
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Abstract—A novel surface-emitting semiconductor laser structure
with a vertical cavity, extremely short gain medium length, and en-
hanced gain at a specific design wavelength is described. The active
region consists of a series of quantum wells spaced at one half the wave-
length of a particular optical transition in the quantum wells. This spa-
tial periodicity allows the antinodes of the standing wave optical field
to coincide with the gain elements. enhancing the frequency selectivity,
increasing the gain in the vertical direction by a factor of two com-
pared to a uniform medium or a nonresonant multiple quantum well,
and substantially reducing amplified spontaneous emission. Optically
pumped lasing was achieved in a GaAs/AlGaAs structure grown by
molecular beam epitaxy. with the shortest gain medium (310 nm) ever
reported. Various other vptoelectronic devices which depend on the
interaction between an electromagnetic standing wave and a carrier
population distribution can also benefit from this concept.

[. INTRODUCTION

EMICONDUCTOR lasers which emit from the top

repitaxiaby surtuce [1]-{3] rather than from the end
tucets are of considerable tnterest tor a variety of appli-
cations such us monelithic optoelectronic integrated cir-
cuits {9]. optical chip-to-chip interconnects. optical logic
devices [10]. and high-power large-arca two-dimensional
arrays [11]. Progress in the development of these svs-
tems, however. has been impeded by the limitations of
existing surface-emitting laser designs, particularly the
high thresholds and low efficiencies of devices with ver-
ucal (normal to the chip plane) resonators, which are well
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suited for forming two-dimensional arrays. These prob-
lems are mostly due to short active-region lengths (typi-
cally ~2 um) compared to transverse dimensions, lack

of carrier and optical confinement. and the generation of

competitive amplified spontaneous emission (ASE) in the
transverse direction. On the other hand. the short cavity
lengths ( ~ 3 um) of surface-emitting lasers result in large
Fabry-Pérot mode spacings which favor single longitu-
dinal mode operation of these devices.

Vertical cavity surface-emitting lasers developed so far
have exhibited inferior pertormance as compared to con-
ventional edge-emitting laser.. This has led to the intro-
duction of alternative geometries whereby the active re-
gtons are configured in the same wav as in edge-emitting
lasers. but the radiation is directed towards the surtface
either by 43° mirrors [12]. [13] or by second-order dis-
tributed Bragg reflectors [14]-[16]. While some of these
designs have been successtul in achieving low threshold.
high efficiency . and large output power. their fabricution
involves rather complicated proce\sing In contrast. the
vertical-cavity surface emitters offer potentially higher
packing density. larger emitting areas. better beam guz!-
1y, unconstrained arrangement of ermitters. and planarin
tegration with easy batch processing and on-water pro'oc
testing.

In this paper, we describe implementation of the novel
concept [L7]-[19] of a vertical-cavity resonant periodic
gain (RPG) surface-emitting laser with a uniquely engi-
neered gain medium which affects the fundamental phys-
ical processes taking place in the device. This design cre-
ates an optimal overlap between the periodic gain medium
and the standing wave optical field of the lasing mode. In
conventional vertical-cavity surface-emitting lasers. the
active medium is either uniform [3] or uses closely packed
multiple quantum wells (MQW's) with no correlation be-
tween their periodicity (i.e., the quantum well spacing)
and the optical standing wave [4]. The effective interac-
tion length is therefore half of the total physical length of
the gain medium, due to the averaged squared sinusoid in
the overlap integral [19]. The RPG structure makes usc
of quantum wells with half-wave spatial periodicity. ar-
ranged within a Fabry-Pérot cavity so that the antinodes
of the standing wave in the cavity coincide with the quan:
tum-well regions. The result is an anisotropic and \:r(‘ngl}
wavelength-selective gain medium The effective gain forf
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RAJA ¢r ul.- RPG SURFACE-EMITTING LASERS

the resonant mode is enhanced over that of other longi-
tudinal modes. and ASE in the transverse direction is sub-
stantially reduced. Consequently, the lasing threshold
should be lower and the overall power efficiency higher
than in a conventicnal double-heterostructure (DH) or
MQW gain medium of the same gain length. Our prelim-
inary data for pulsed-dye-laser optical pumping at 77 and
300 K confirm these expectations.

In Section II, the concept of the RPG medium is de-
scribed in some detail and its potential is examined for
several optoelectronic device applications, with emphasis
on vertical-cavity surface-emitting lasers. Fabrication of
GaAs/GaAlAs vertical-cavity RPG lasers and of conven-
tional structures used for comparative study is described
in Section III. Section IV considers a combination of the
RPG medium and a high-Q Fabry-Pérot resonator, with
specific examples of structures described in Section III.
Section V presents, interprets, and discusses various ex-
perimental results using our prototype devices. A com-
parison to conventional surface-emitting structures is
given in Section VI. Finally, a summary and conclusions
are presented in Section VII.

I1. Device CONCEPT

Many optoelectronic devices utilize interaction of a
standing electromagnetic wave with an amplifving or ab-
sorbing semiconductor medium. This interaction is not
spatally uniform. but is strongest at the antinodes of the
standing-wave optical field and vanishes at the nulls. For
example. if the medium is amplifying. the carriers located
in the vicinity of the antinodes are depleted by the inter-
action. while excess carriers may accumulate around the
nodes. This phenomenon was investigated in the early
davs of semiconductor lasers [20] as a possible cause for
their multimode operation. Even though fast carrier dif-
fusion restores spatial homogeneity, the gain of the me-
dium is not fully utilized when single-frequency light is
generated. To eliminate this problem. a new multilayer
structure has been proposed [17]-[19] which maximizes
the modal gain by confining the carriers to the antinode
regions. In amplifying media, this will also reduce am-
plified spontaneous emission (ASE) due to carriers oth-
erwise present near the nodes. This new design is partic-
ularly attractive for vertical-cavity surface-emitting lasers.
leading to considerably improved performance. In partic-
ular. it should reduce the threshold and may well turn out
to be an imponant step towards achieving the room-tem-
perature CW operation of electrically pumped devices.

The most important feature of the new structure is that
the position of the periodic quantum-well active regions
is arranged such that they coincide with antinodes of a
vertical standing wave pattern at the lasing wavelength.
Fig. 1 illustrates the RPG structure schematically. with a
series of localized gain regions separated by relatively
thick passive spacers. The gain regions. represented by
thick lines. consist of single quantum wells or groups of
quantum wells kept very close together. The spacer thick-
ness determines the resonant wavelength (X, in free
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Fig. 1. Schematic diagram of a resonant periodic gain (RPG) structure de-
signed to enhance the interaction between a standing-wave optical field
and a charge carrier distribution. The thick lines represent localized gain
regions (quantum wells), and A, = X, /ju, is the resonant wavelength in
the spacer medium.

space) at which the interaction of the optical field with
the gain distribution is maximized. As indicated in Fig.
1. the thickness of each spacer (approximately \,/2u;
where pu, is the refractive index of the spacer material) is
chosen such that the entire structure has an optical peri-
odicity of A,/2. For a properly designed structure, A,
should correspond to a particular transition in the quan-
tum wells. In addition. the end reflectors of the cavity
should be placed so that the antinodes of the optical stand-
ing-wave field coincide with the wells.

The structure described above has several advantages.
First. since the gain medium only exists at the peaks of
the standing-wave optical field. the spatial overlap inte-
gral between the optical field and the gain elements is en-
hanced in the vertical direction (norma!l to the quantum-
well planes) at the resonant wavelength determined by the
spatial periodicity of the gain medium. Hence. the gain
in this structure is both anisotropic and wavelength selec-
tive. Second. charge carriers generated or injected tend to
remain within the quantum wells and cannot accumulate
in the spacer regions, thus eiiminating the possibility of
longitudinal spatial hole burning. Combined with en-
hanced spectral discrimination, this should ensure stable
single-frequency operation, provided that the transverse
modes can be controlled. possibly by built-in index steps
or by an external cavity. Moreover. loss of carriers
through spontaneous emission is considerably reduced be-
cause the spacer medium around the nodes of the optical
field contains no free carriers; this should result in a lower
threshold and improved overall power efficiency.

The RPG laser structure also offers the possibility of
increased differential quantum efficiency. especially for
materials in which Auger effects or other nonradiative re-
combination processes are significant. Even though the
carrier density in an ideal laser above threshold remains
clamped at its threshold value. the presence of nonradia-
tive effects which are superlinear in the radiative recom-
bination rate will cause lower quantum efliciencies at
higher carrier densities. The RPG structure permits lower
threshold carrier densities. with correspondingly lower
carrier loss (leakage and nonradiative recombination)
rates.

In recent years, extensive use has been made of MQW
semiconductor heterostructures for various optoelectronic
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devices tn which light propagates in a direction normal to
the planes of the quantum wells {21]. The concept of a
resonant periodic gain (or absorption) active medium can
be applicd to these devices. offering promises of im-
proved performance. Promusing candidates include am-
plifiers. modulators [22]-[25]. wavelength- and phase-
sensitive photodetectors [26], bistable etalons for low-
threshold optical switching [27], saturable excitonic ab-
sorbers for mode-locking applications [28]. self-elec-
trooptic-etfect devices (SEEDs) [29], and nonlinear ele-
ments for wave mixing [30] and phase conjugation. In
each case, the spatial overlap integral between the stand-
ing-wave optical field in the resonator and the MQW ac-
tive medium is of primary interest, as it is this quantity
which determines the effective interaction length and
hence the threshold and overall efficiency of the device.
It follows that optimization of this overlap integral at a
specific design wavelength is extremely imponant.

The fundamental quantum optical effects of resonant
periodic gain (or loss) structures are also interesting to
contemplate. One fertile area of study is modification of
spontaneous emission spectra in lasers and other high-
power optoclectronic devices. For example. the RPG
structure can be used as the amplifying medium for a cor-
related spontaneous emission laser [31]. It is also possible
that the periodicity in the refractive index may inhibit
spontaneous emission as well as suppress ASE. A tre-
mendous reduction in the threshold of semiconductor [a-
sers has been predicted as a result of inhibition of spon-
taneous emission [32] in antificially engineered structures
with full three-dimensional half-wave periodicity in the
refractive index of the active medium.

To illustrate the effect of the RPG structure on the in-
teraction between a standing-wave electromagnetic field
and the active medium. we consider a spatially inhomo-
geneous amplifying medium in a Fabry-Pérot cavity, not-
ing that an analogous argument holds for an absorptive
medium. Since the medium is nonuniform along the res-
onator (z) axis, the integrated gain factor G(N) = gLy
(the product of the gain per unit length and the effective
gain length) of the structure is given by

27u(2)z

G(N) = go ga)sin? (== ) e (1)

where X is the free-space wavelength of the standing wave
_-optical field, L is the length of the cavity, and g(z) u(z)
"are the longitudinal profiles of thé material gain per unit
length and of the refractive index, respecuvely For a uni-
“form medium, the integral (1) gives G(\) = gL/2, that
is, only half of the available material gain is utilized.
Consider now the periodic gain medium illustrated in Fig.
I, with single quantum wells separated by D = \,/2pu,
where g, is the refractive index of the spacer material (for
simplicity, we ignore the phase shift in the quantum well).
As shown in Fig. 2. G( \) has a resonance at A, which
enhances the available gain. The discrimination against
nonresonant wavelengths improves with increasing num-
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ber of quantum-well layers, a situation analogous to the Y fu
resolution of a grating being improved by illumination of { sit;
a larger area which includes more grating periods. Away fo;
from the resonance, G(\) approaches the limit of ' tu;
Mg, L./2, equal to the integrated gain in a uniform gain %
medium (M, g,, and L. are the number of quantum-well by 70;
layers, gain, and thickness of each quantum well, respec- the
. . <
tively). At the resonant wavelength. however, the inte- D
grated gain coefficient G(\,) is enhanced by a factor of the
~ = . . . <
rwo compared 10 a conventional medium of equal gain rat
length. ne-
Apant from enhanced integrated gain, the proposed a |
structure has additional appeal for surface-emitting lasers sp.
<

because the gain anisotropy reduces the ASE. As dis-
cussed above. the effective gain coeflicient at the resonant A
wavelength in the vertical direction is twice as high as that
in the transverse direction. It follows that the transverse

ASE is reduced by a factor of two. so that the RPG laser pa.

has a reduced threshold and increased overall power eth- gr‘"

ciency compared to conventional structures with nonre- a

sonant gain media. -
It is important to recognize that the RPG laser is not a

distributed feedback (DFB) structure in the usual sense ot—

[2], {33] because the quantum-well gain regions are very
thin relative to the optical wavelength. A straightforward
calculation shows that the power reflectivity of each quan-
tum well is only ~4 X 10™*, with the main contribution
due to the gain rather than the real part of the refractive
index. For structures such as those described in Section
IIl below, with ~30 quantum wells separated by half-
wave spacers, the detailed cavity calculations described
in Section IV indicate some changes in the overall cavity
resonance due to multiple reflections. However, these are’
small compared to strong DFB resonances. SR

III DEVlCE FABRICATION

All wafers were grown using a compu(er—comrolled
Varian Gen Il molecular beam epitaxy (MBE) system,
equipped with a reflection high-energy electron diffrac-
tion (RHEED) apparatus, a residual gas analyzer (RGA),
an infrared pyrometer, and a 2-in rotating substrate holder.
A transition chamber is situated between the introduction
chamber and the MBE growth chamber which has a bas¢

pressure of 6 x 107" torr with the group [11 and dopant las
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sources idhng at T00°C. Unintentionadly doped GaAx
grown i this system is routinely p-type with residual im-
rurity concentrations of ~ 2 x 10" em ™

Polished ( 100) GaAs substrates were cleaned [34] and
mounted with indium on a molybdenum holder. After
evacuation to 1 X 107% torr in the introduction chamber,
they were transferred into the transition chamber (which
idles at 1 x 107Y torr) where they were outgassed at
250°C for 1 h to remove any H,O vapor. The samples
were then transferred into the growth chamber after all
fluxes had been established. Surface thermal oxides were
desorbed at 5380-600°C and the substrate was heated mo-
mentarily to approximately 700°C under sufficient arsenic
flux to maintain a (2 X 4) surface reconstruction. Beam
fluxes were adjusted with an ion gauge in the growth po-
sition to achieve growth rates of ~ 1 um/hand ~3 um/h
for GaAs and AlAs. respectively, at substrate tempera-
tures T, < 675°C.

All aluminum-containing layers were grown at T, >
700°C to increase photoluminescence efficiency and avoid
the forbidden region of GaAs/AlGaAs structures [33].
Due to the nonunity sticking coefficient of gallium [36] at
these temperatures. precise growth rates and Al incorpo-
ration were very difficult to control: hence. the thick-
nesses and group 11 compositions of the lavers varied by
a few percent. All samples grown in this study exhibited
specular surface morphologies.

A. Protorvpe Siructure

The tnitial sample was fabricated to determine growth
parameters and assess the teasibility of the RPG surface-
emitting laser design. The following unintentionally
Joped epitaxial lavers (see Fig. 3) were grownonann” -
GaAs (100) substrate:

1) a 300 nm GaAs buffer.

2) a short period superiattice consisting cf 20 periods
of alternating 2.5 nm GaAs/AlAs layers.

3) 32 periods of alternating half-wave (120 nm)
Alg 2sGag 75As barriers and 10 nm GaAs quantum wells,

4) one quarter-wave (60 nm) AlGaAs layer to account
for the phase shift of reflected light, and

5) a 5 nm GaAs cap.

The V /I flux ratios for these samples were typically
2.0-2.5. '

A 300 nm thick Al film was deposited on the top spacer
10 enhance the surface reflectivity to R, = 75 percent {37].
The Al-coated side was glued to a glass slide for suppon,
and the GaAs substrate was then removed by standard me-
chanical polishing and selective chemical etching. The
output mirror of the vertical cavity was formed by the un-
coated sample/air interface, with Fresnel reflectivity R,
= 30 percent. The total thickness of the processed sample
(and hence the resonant cavity length) was ~4.3 pm.
while the total gain length was 320 nm.

B. Structures for Comparative Study
To enadble a direct experimental comparison of the RPG
laser to conventional DH and MQW surface-emitting
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Fig. 3. Schematic diagram of a RPG laser wafer, which was grown on a
GaAs substrate by MBE.
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Fig. 2 Schematic diagram of three iy pes of surfuce-emnting laser struc-
tures tabricated for comparative stedy: (a1 RPG. (hy comventionat MQW,
{v) conventional DH. All three structures have equathy long resonatons
(3.7 umy and acuve media (310 am. An epitavial AlGaAs | AlAs mul-
utayer high reflector (MHR) with 134 periods 15 grown on cach Gaas
substrate.

structures, a second set of MBE-grown samples. shown
schematically in Fig. 4, was prepared. Except for the con-
figuration of the active medium (RPG, conventional
MQW. and uniform DH), the samples were otherwise
identical. All samples were grown on undoped LEC GaAs
(100) substrates. The V /III flux ratios for these samples
ranged from 2 to 4. To increase the cavity Q and simplify
sample preparation. epitaxial multilayer high reflectors
[4], [38] with 145 periods of alternating quarter-wave lay-
ers of Al 4Gag¢As (61.4 nm) and AlAs (68.8 nm) were
incorporated between the GaAs substrate and each active
structure. The RPG (a) and conventional MQW (b) struc-
tures each contained 31 GaAs quantum wells indicated by
thick lines in Fig. 4. Each quantum well was 10 nm thick.
while the half-wave Alg»sGag 15As spacers in the RPG
structure and the barriers in the MQW structure had (hifk-
nesses of 109 and 20 nm. respectively. The RPG active
region was clad with a quarter wave (34.6 nm) of
\[ +Ga,, -<As on each side. while the conventionat MQW.
was sandwiched  between two 139 gm  layers of
Al +Gay, -sAs. The DH sample (¢) had a 310 mm bulk

S - ———
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GaAs active region surrounded by two 1.69 um lavers of

Al 2sGay 7sAs. All three structures had equally long gain
lmedia { ~ 310 nm) and resonant cavities { ~ 3.7 um). The

top Aly 25Gay -sAs layer in each sample was protected by

a 5 nm GaAs cap. No reflective coating was deposited on

the top surfaces: hence. the reflectivity of the emitting
Ifucel was ~ 30 percent for each sample.

' IV. CaviTy CONSIDERATIONS

As in all lasers. proper cavity design is essential for
low-threshold operation. This is particularly important for
vertical-cavity surfacz-emitting lasers where the very short

lcavity length leads to widely spaced cavity resonances
( ~20 nm) which are comparable to the spectral width of
the gain. The growth of an appropriate resonant structure

l is, of course, more complex for a quantum-well active
medium where the spectral profile of the gain is a sensi-
tive function of the quantum-well width. For an RPG
laser, the situation is even more critical since two condi-
tions must now be met simultaneously:

1) the overall cavity resonance must match the quan-
tum-well gain peak. and

2) the half-wave spacers. the reflectors, and the phase
shift layers at the ends must ensure that the antinodes of
the standing-wave optical field match the position of the
quantum wells.

It the phase shift lavers are not properly matched to the
cavity resonance closest in wavelength to the gain spectral
peak. the effective gain will degrade rapidly. It is even
possible that the gquantum wells might be mistakenly lo-
cated at the intensicy nulls. resulting in nearly zero usable

l cain!

We stant by presenting a simple technique for calculat-
ing cavity resonances and reflectivities. applicable to cav-
tties with multilayer reflectors as well as simple metallic
or dielectric overlayers. Next, this calculation is applied
to the RPG laser with an Al end mirror for which exper-
imental results are given in Section V. Finally, cavity cal-

l culations are presented for the three structures (RPG, con-
ventional MQW, and DH, all with multilayer reflectors)

compared experimentally in Section VI.

A. Method of Cavity Calculation

Many textbooks on thin-film optical filters present tech-
lniques for the calculation of complex reflectivities of mul-
tilayer dielectrics [37), [39], [40). The approach used for
the calculations presented here is simply to express the
ﬁelds‘a.t‘ each layer (j + 1) in terms of the fields at the
previous layer( j ) and the optical phase shift ®; in trav-
ersing the jth layer:

l ’
j+

1 +

0D | -
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Fig 5 Caleulated power reflectivity and phase for a wave incident onto

the shont-period superlattice of the RPG structure of Fig. 3.

where g (. p, are the respective (complex) refractive in-
dexes, £,y and £ are the complex electric field ampli-
tudes for waves propagating in the positive : direction (10
the right for definiteness), and £ ,. E;” are the field am-
plitudes for waves propagating in the opposite direction.
The layers are numbered from the right to the left, with
the fields defined at the rightmost edge of each layer. The
total cavity reflectivity for waves incident from the left
can then be evaluated by taking the boundary condition
that there is only an outgoing wave in the medium beyond
the right end of the cavity. and carrying out a straightfor-
ward series of matrix multiplications to evaluate the in-
cident and reflected fields in terms of this outgoing wave.

A. Prorotype RPG Caviry

Fig. 5 shows the result of this procedure for the proto-
tvpe RPG structure evaluated with the short-period super-
lattice as the input side (ct. Fig. 31. The complex refrac-
tive index for the Al coating was taken as p;, = 2.75 +
8.310¢ (41]. No allowance for wavelength dispersion was
made in any of these reflecuviny caleulations. The refrac-
tive index was taken as 3.64 for GaAy. 345 for

Alg 2sGay -sAs, and 3.0 for AlAs. Actual indexes wili. of

course. vary due to wavelength and material variauons.
as well as due to the efiects ot gain and carrier densities
in the pumped cavity. Nevertheless. these calculations
provide valuable insights into the propernies of the RPG
structure when placed in a resonant cavity. Note that the
" calculated resonances are relatively broad. This is due to
the poor cavity Q factors: the end reflectivities are 75 per-
cent for the AlGaAs-Al reflector and 30 percent for the
short-period superlattice-air interface, yielding a rouqd-
trip reflectivity product of only ~23 percent. The varia-
tions in depth and width of the resonances are a manifes-
tation of small distributed feedback effects, but these
effects are relatively minor and do not strongly modify the
cavity Q near the resonant wavelength of 820 nm.

C. Comparison to Conventional Cavities .

Fig. 6 shows similar calculations for the three struc- -

tures used for comparative study as described in Section
I11. The top trace (a) is for the RPG structure, the middle
trace (b) for the conventional MQW, and the bottom trace
(c) for the DH structure. The resonances are somewhat
sharper than those in Fig. S, as a result of the higher re-
flectivity of the multilayer reflecior, but the cavity inesse
remains tow for all three structures. The variation mn the
two resonances near 825 nm for the RPG cavity iy the
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Fig. 6. Calculated power reflectivity and phuse for three structures ot Frg.
4. The incident wave is on the cap layer side.

result of small residual DFB effects. The RPG structure
exhibits a dispersion-like behavior with anti-reflection
features at higher frequencies and increased reflectivity
defow the resonance. Detailed analyvsis of the cavity and
the cain medium under pumped conditions is necessary
for optimal design of these complex multilaver devices.

Vo ENPERIMENTAL RESULTS

A Transmission Specira

Prepuration of RPG samiples for measurements of trans-
Mission spectra using a spectrophotometer required that
the GaAs substrate be removed. The bare samples (with
no Al reflectory were bonded to supporting glass slides
using cyvanoacrylate adhesive. Fig. 7 shows a tvpical
room-temperature Intensity  transmission  spectrum  be-
tween A = 700 and 1000 nm. Three strong transitions
appear at A = 838. 815 and 762 nm. respectively. which
we assign to the excitonic absorption (electron-heavy
hole) associated with the n = 1. 2, and 3 subbands in 10
nm thick GaAs quantum wells {42]. The arrows near the
top of Fig. 7 indicate photon energies for electron-heavy
hole transitions calculated using the envelope function ap-
proximation [43] including nonparabolicity effects. Within
the excitonic binding energies (estimated as ~8 meV for
n = 1 [44) and decreasing as 1 /n” for higher levels). the
excitonic features in the transmission spectra agree well
with the calculations. The nonparabolicity is included via
the energy-dependent effective masses which for the
quantum well are expressed as [45)

m (E) =m,(0)(1 + E/E,.) (3)
and which for the spacer material are given by
m EY = m (0)[1 - (ME, - EV/E.].  (4)

The subseript a represents conduction, heavy hole, or
hight hole band. m 10y and »: | (0) are the bulk effecuse
masses at the corresponding band edges. £, und £, are
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Fig. 7. Room-temperature spectrophotometer scan of the RPG laser struc-
ture bonded to a microscope slide. with the GaAs substrate removed.
Electron-heavy hole excitonic features correspondir. 2 1o allowed quan-
tum states are indicated.

the bandgaps of the quantum well and spacer materials,
respectively. and A £, is the height of the potential barrier
for band «. Various parameters used in the calculations
are given in Table . The total bandgap discontinuity be-
tween GaAs and AlLGa, _ As at room temperaiure has
been determined from the following axpression [438]:

AE = 11850 - 0.3 3
which tor v = 23 percent gives 3£ = 312 meV. The

ratio of conduction o valence band ofsets wus twken as
63:35 [49]. {30]: hence. A E = 28I meVoand ME =
110 meV. For the AlGuAx compesition and well width
used in the structure. three bound states are allowed for
electrons in the conduction bund. five states for heavy
holes in the valence bund. und two states are allowed for
fight holes (see Table ID. Tt should be noted that it is nec-
essary to account for the nonparabohicity effects in order
to predict the existence of the n = 3 bound state in the
conduction band. For detailed analysis of the experimen-
tal data, we have adjusted the quantum-well thickness to
obtain the best fit. The result of 10.5 nm agrees well with
the crystal growth calibration of 10 nm.

A sharp decrease in transmission near 735 am in Fig.
7 marks the onset of absorption by Alg1sGag 75As. Also
apparent at long wavelengths are Fabry-Pérot fringes
whose separation can be used to estimate the thickness of
the entire structure. The observed separation of ~ 1§ nm
gives a cavity length of ~4.3 um. in agreement with the
growth parameters (cf. Section III-A).

8. Photoluwminescence Speciru

Optical pumping studies of various coated (Al on one
side ) and uncoated samples were carried out using a CW
Ar” laser. an Ar”-pumped CW dye laser. and a pulsed
tunable dye laser £ 10 Hz repetinon rate. 7 ns pulsewidth )
pumped by a frequency-doubled Q-switched Nd: YAG
laser. The dyve lasers (with LDS6YS dye dissolved in cth-
vlene ghveoly were wnable trom = 670 10 ~ 750 nm. A
m double monochromator was used tor spectral ataly sis.
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TABLE!
PARAMETERS Ust D v Cacctzarions or QUasii Wi Exixoy Leviis

Quanium-Well Nuteria! Spucer Maternia!

Parameter t GaAsy t AL -Ga, -cAs ) Reterence
Electron mass 0.067m,, 0.0388n1, 138
Heavy hole muss 0.48m,, 0.56m, [+5]
Light hole masy 0.093m,, 0.108m,, {4a]
Bandgap at 300 K {45 eV 178 eV

TABLE H

CALCULATED ENERGY LEVELS (18 meV ) FOR 10,5 am THICK
GaAs/ Al :Ga, 5sAs QUANTUM WELL .

Energy Level Electrons Heavy Holes Light Holes
n =1 27 5 17.5
n=2 102 20 63
n=3 196 435 -
n=4 — 4.5 —
n=3 - 108.5 -

while a cooled GaAs photomultiplier and a computer-con-
trolled data acquisition system were employed for detec-
tion. The experiments were performed using a wide range
ot excitation intensities both at room temperature and at
77 K. The diameter of the pumped spot ( ~20 um) was
determined by scanning the beam through a narrow slit.
All values of pump intensities and pump pulse energies
given in this paper are corrected for coupling losses and
reflections {rom the sample surface.

Fig. 8 displavs CW photoluminescence (PL) data from
the RPG laser structure under low-intensity excitation at
room temperature. The PL response to irradiation by the
514.5 nm line of the Ar™ laser is shown in Fig. 8(a). The
absorption coefficient of the spacer material at this wave-
length is estimated from GaAs data [51] shifted by A £,
as 5 um™', giving a penetration depth of 200 nm. Thus.
only a few quantum wells near the surface of the sample
were excited. The whole structure (all 32 quantum wells)
could be excited uniformly with a 710 nm dye laser pump
since the absorption coefficient of Alj,5Gag 75As at this
wavelength is ~0.9 um™' (penetration depth of ~ 1.1
pum), as estimated from GaAs data [52]. The correspond-
ing PL spectrum is shown in Fig. 8(b), with the pump
intensities indicated in the figure. A prominent feature of
each PL spectrum is a strong excitonic peak at 852 nm
corresponding to the n = 1 electron-heavy hole transition
in the 10 nm thick GaAs quantum wells. On the short
wavelength side, the spectrum shows emission from light
hole excitons as well as small contributions from higher
energy levels. The results obtained using CW dye laser
excitation at 710 nm [Fig. 8(b)} are almost identical to
those shown in Fig. 8(a), without any noticeable broaden-
ing of the PL peak. This demonstrates the high quality
and remarkable uniformity of the quantum wells. also evi-
denced by the absence of anv structure at the peak. even
at 0.1 nm resolution.

We have also used similar low-intensity excitation at
77 K to study excitonic parameters such as the transition
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Fig. 8. Room-temperature low-intensity CW PL spectra troin the RPG laser
structure. (a) 514.5 nm Ar” laser excitation. (b) 710 nm dye laser pump.
The pump intensities [,. corrected for coupling losses. are indicated on
the pliots.

linewidth and the splitting berween heavy and light hole
excitons {53}. The heavy hole and light hole peaks asso-
ciated with # = | subbands were clearly resolved at 77
K. The width of the heavy hole excitonic peak (1.8 meV
at 77 K) agrees with recent theoretical calculations [34].
The splitting between the heavy hole and light hole tran
sitions 1s ~ 9.5 meV (5 nm). close to the predicted value
bused on the envelope function approximation {43].

Fig. 9 shows representative room-temperature emission
data from the RPG structure obtained with a CW dve laser
pump operating at ~ 710 nm. The pump intenxities in Fig.
9ta)y. (b) are ~ 10 and ~ 76 KW, cm”. respectively . Com-
pared to Fig. 8. band iilling effects (PL extending turther
towards the shorter wavelength side) are evideni. The
modulation of the PL spectra is due to the modes of the
Fabrv-Pérot cavity formed by the Al-coated surfuce and
the uncoated GaAs ‘air interfuce. Due to the short guin
length and low cavity Q. the lasing threshold was quite
high and these intensities were still considerably below
threshold.

C. Lasing Action

Lasing at both room temperature and 77 K was achieved
(18] when the device was pumped with 7 ns dye laser
pulses at a 10 Hz repetition rate. For uniform pumping of
the whole structure, the dye laser was tuned to ~ 680 nm
wavelength (penetration depth in Alj 5Gag 7sAs estimated
as ~0.8 um [51]). Fig. 10 shows a series of emission
spectra at 300 K for increasing pump pulse energy, be-
ginning just below the lasing threshold. The pump ener-
gies are indicated directly in the figure. The progression
from broad-band spontaneous PL to stimulated emission
at the n = 2 and n = 3 subband transitions is evident.
The subbands were identified by comparing to the trans:
mission spectrum of Fig. 7. Emission around 820 nm (2
= 2) corresponds to the resonant wavelength selected 10
the design of the structure. Emission at ~ 743 nm is ats
tributed 1o the higher density of states at the n = 3 sub-
band transition, resulting in higher material gain at large
carrier densities. In fact. in a conventional quantum-well
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Fig. 9. Room-temperature emission spectra of RPG laser structure opti-
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Fig. 10. Roum-temperature enmission spectra of the RPG laser structure
pumped using the 680 nm line of a pulsed dye laser (10 Hz repetition
rate. 7 ns pulse duration) at different pulsc energics.

medium, the n = 3 transition would dominate over n =
2. A transition from broad-band spontaneous PL 10 stim-
ulated emission was observed at ~ 140 nJ pulse cnergy.
Since the pump pulse was focused into a ~ 20 um spot,

1507

the room-temperature lasing threshold intensits was < 6
MW et While Jasing at 77 K was achieved at a com-
parable threshold pulse energy. it occurred ut 330 nm,
corresponding to the transition involving the # = | sub-
bands [53]. Due to the temperature dependence of the
bandgap, the wavelength of the n = 1 transition at 77 K
more closely matches the periodicity of the gain medium.

Fig. 11 shows the integrated output of the n = 2 and n
= 3 subband transitions in the RPG laser as a function of
pump energy. The observed behavior—increased quan-
tum efficiency and narrowed spectral width (cf. Fig. 10)—
suggests lasing, albeit marginally in a very poor cavity.
The threshold transition is not abrupt because of the short
gain length and low cavity Q: the spontaneous emission
coupling to the lasing mode(s) is relatively high, and the
gain is close to saturating the n = 2 subband transition,
s0 that it depends sublinearly on the pump power. Simi-
larly **soft’’ thresholds and broad spectral linewidths were
observed in the vertical-cavity surface-emitting structures
developed by Kinoshita and Iga {3) and by Ogura er al.
{5].

We have thus demonstrated a semiconductor laser with
an active medium fength of only 320 nm. Previously. the
shortest reported gain length was 1.5 pm for a conven-
tional MQW uctive region and a much higher cavity 0
[4]. Significant improvements in the lasing properties of
these structures are expected when high-Q cavities are
used.

D. RPG Lascr Tireshold
The threshold optical pump power P, for a venical-

cavity RPG laser can be estimated using the formula given
in {8] modified for optical pumping:

Pm - flu:B:d {a“ s p - Otb\(L _ d)/a" - oz“:('L/'/d')
na
+(1/d) n [(RRy)™7]) (6)

where hw is the photon energy at the pump wavelength,
B is the effective recombination constant, n is the effi-
ciency of carrier photogeneration. a and b are the linear
gain coefficients (g = aN — b where N is the carrier con-
centration), and L is the cavity length. d' = G(\)/g is
the effective gain length; it equals twice the physical
length d of the gain medium for an RPG laser (2ML, with
M quantum wells, each of width L.), but only equals the
gain length d for uniform DH or nonresonant MQW struc-
tures. R, and R, are the power reflectivities of the two
laser facets, «, and a, are the respective free-carrier losses
per unit length in the gain regions and spacers. and a, is
the diffraction loss. Note that the effective intemal loss in
the quantum wells will also be enhunced by a factor of
two due to the periodicity of the structure, although this
will not be significant in short cavities whose losses are
dominated by emission from the ends. Equation (6) ap-
plies when the pumped spot diameter is targe compared
10 the electron ditfusion length. The cavity parameters ap-
propriate to our initial experiment are d = 20 nm, L =
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l4.32 um, R, = 0.75, and R, = 0.3. The pump wave-
length used for threshold evaluation is 680 nm, and 7 is
assumed to be 1. The values of the remaining parameters
in (6) relevant for the quantum-well active region are B
=15x10"%em’/s[55].a =93 x 107 cm’ b =
1500 cm ™' {56], and @, = «, = ay = 10 cm™' [8]. Be-

l cause of the high carrier densities involved in our exper-
iments, these values should be regarded only as crude
order-of-magnitude estimates. In particular, the linear
gain coefficient ¢ is not a constant. but rather a decreasing
function of pump intensity and carrier concentration for
high pumping levels. With this caveat, (6) predicts a
threshold of ~ 1 MW /em- for the RPG structure. while

l the value for a conventional surface-emitting laser with a
nonresonant MQW active region is a factor of three or so
higher.

Further improvement is possible by incorporating high-
reflectivity epitaxial stacks on both sides of the gain me-
dium [4]. (38]. [57]. This will increase the cavity Q at
the desired emission wavelength and will also obviate the

.necessity for GaAs substrate removal and bonding to a
supporting substrate. A large reduction in threshold. down
to ~ 10 kW /cm®, is predicted by (6) when the reflectiv-

' ities at both ends of the cavity are increased to 95 percent.

E. Linewidth of the RPG Laser

Fig. 10(a)-(e) show noticeable reduction in the spectral
widths of the n = 2 and n = 3 subband transitions as the
device is driven above threshold at ~ 200 nJ pulse energy.

' These widths are still rather broad. from ~ 10 nm in Fig.
10(b) to ~3 nm in Fig. 10(e); because of the short gain
length and low cavity Q in our prototype samples, the
spontaneous emission coupling to the lasing mode(s) is
relatively high. Moreover, we estimate that the threshold
gain is quite close to the maximum available from the n
= 2 subband transition, so that this prototype device is
operating in a saturated regime, in which the gain varies
sublinearly with pump power. Also, the Fresnel number
ua® /L (where a is the active spot size ( ~20 um), pu is

'the refractive index. L is the cavity length ( ~4 um), and
A is the free-space wavelength) is about threc orders of
magnitude larger than for a conventional edge-emitting
laser. This large Fresnel number implies low diffraction
losses from the cavity. even for very high-order trans-
verse modes. Hence. the structure can support many
transverse modes {58]. possibly including some which are

'of a filamentary nature. All these tactors contribute to the
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broad linewidth and soft threshold (Fig. 11, so that these
lasers resemble superluminescent sources when operated
close to threshold. especially when pulsed. Similarly
broad linewidths and soft thresholds have been reporned
by Kinoshita and Iga [3] and by Ogura er al. {3]. Recen:
reports by Sakaguchi er al. (37]. and preliminary results
obtained in our laboratories using improved structures
with multilayer high reflectors. indicate that increasing the
cavity Q. reducing the Fresnel number, and incorporating
lateral index steps should reduce the threshold and the
spectral width by at least two orders of magnitude.

VI. ComMPARISON TO CONVENTIONAL SURFACE-
EMITTING LASER STRUCTURES

To assess the efficacy of the RPG medium, we per-
formed experiments similar to those described in Section
V. using three sets of structures of equal gain length, as
shown in Fig. 4. The refractive index profiles of the struc-
tures used in this comparative stedy are shown in Fig. 12,
The peak reflectivity and bandwiath of the multilayer high
reflector are estimated [37] as ~ 84 percent and 60 nm.
respectively. Such a broad-band reflector can accommo-
date fluctuations in the designed resonant wavelength.
However. the phase of the reflected wave remains crucial
for the RPG structure 1o be etfective since we require that
the spatial location of the quantum wells be aligned with
the peaks of the standing-wave optical field.

Approximately 5 x 10 mm- pieces were cleaved from
the wafers of each structure tor optical pumping. Because
of the multilaver high reflector between the substrate and
the active structure. the samples did not require any ad-
ditional procéssing for substrate removal. Optical pump-
ing experiments were carried out in a similar way to thuse
described in Section V above.

Fig. 13 shows the low-intensity CW PL data for all
three samples pumped with equal intensity ([, = 473
W /cm?) by 514.5 nm light from an Ar* laser. Although
only a few quantum wells near the surface were sampled,
there is evidence of nonuniformity for both the conven-
tional MQW and the RPG structures. The somewhat
broader peaks compared to Fig. 8 indicate fluctuations in
the quantum well thickness; also, the n = 1 peaks in both
samples are shifted by ~ 6 nm with respect to each other.
The relative PL signal strength under identical pump con-
ditions is small for the conventional MQW and DH struc-
tures, mostly because the active region in each case is
buried deeper in the AlGaAs than in the RPG structure
(cf. Fig. 4). The undulation of the spectra in Fig. 13 is
due to the Fabry-Pérot modes of the short cavity ( ~3.7
um) formed by the multilayer high reflector and the
Aly 1sGag 75As /air interface.

Fig. 14 shows relative PL data obtained under intensc
optical pumping of all three structures using 7 ns pulses
at 680 nm pump wavelength. The PL spectrum from the
conventiona) DH structure was obtained with ~ 1020 nJ
pulse energy focused by a 35X microscope objective to
spot of =20 um diameter. To obtain the PL spectrum of
the conventional MQW . pump pulses of ~ 1440 n) were
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RPG, with a pump energy of 960 n} /pulse; (b) conventional MQW, wiih
1440 nJ /pulse; (c) conventional DH, with 1020 nJ /pulse.

used. Despite such intense optical pumping (46-65
MW /cm?), no lasing action was observed either in DH
or conventional MQW structures. These devices did not
lase even at pump intensities up to the damage threshold
( ~70-100 MW /cm?).

In contrast to these negative results, the RPG structure
did lase on the n = 2 transition (805-810 nm) at pump
intensities of ~ 10~15 MW /cm? [Fig. 14(a)). This rela-
tively high threshold can be attributed to the nonuniform-
ity in quantum-well thicknesses and to the structure being
far from its optimal condition. Nevertheless. the very
demonstration of lasing action in the RPG sample is direct
experimental evidence that this structure has a signifi-
cantly lower threshold than the conventional structures.

[P "4

The absence of lasing at n = 3 can easily be explained by
the finite bandwidth of the muldtilaver high reflector which
does not extend to the wavelength corresponding to the
= 3 subband transitions.

The failure of our conventional structures to lase can be
understood using (6). As the parameters used in our cal-
culations for the three structures (DH. conventional
MQW, and RPG) involve considerable uncertainties, only
rough estimates for their thresholds are obtained. The
cavity parameters relevant to structures used in our com-
parative study are d = 310 nm, L = 3.7 um, R, = (.84,
and R, = 0.3. The pump wavelength of 680 nm is as-
sumed. For a surface-emitting DH laser with a bulk GaAs
active region, (6) yields ~ 16 MW /cm? as the threshold
for optical pumping using the parameters of [8] (B = 3.0
X 107%cm?/s, 49 = 3.0 x 10 "® cm?, &, = 400 cm™").
For a conventional MQW laser, we obtain 0.9 MW/cmz,
using the material parameters specified in Section V-D.
For a vertical-cavity surface-emitting laser with a conven-
tional MQW active region of total length 1.5 um and with
integrated multilayer reflectors (R = 84 percent), a
threshold of {.6 MW/cm2 has been reponted {4]. The las-
ing threshold for the RPG structure of Fig. 12(a) is esti-
mated from (6) to be only 0.23 MW /cm?. These esti-
mates illustrate the large reduction in threshold to be ex-
pected when the RPG structure and cavity are optimized.

V1. CoxcLusioNs

In summary. we have described a novel resonant peri-
odic gain (or loss) optoelectronic structure which en-
hances the interaction between a standing-wave optical
field and an active medium. The structure features a series
of quantum wells separated by half-wave spacers. leading
to a high gain and anisotropy. The alignment of the peaks
of the optical standing-wave field with the half-wave-
spaced quantum-well layers results in an optimal overlap
integral between the optical field and the spatial gain/ab-
sorption distribution only in the vertical direction and at
the desired wavelength. The usual sine-square averaging
found in calculating the overlap between a standing wave
and a uniform medium is absent, and the effective gain/
absorption is increased by a factor of two. We have dis-
cussed various potential applications of this structure, with
emphasis on surface-emitting lasers. We note again that
this general idea will be useful for all devices in which
the interaction is with a standing electromagnetic wave.

A number of conditions have to be satisfied in order to
obtain lasing action with high efficiency in the RPG laser.

1) A uniform excitation of all quantum wells has to be
maintained.

2) Since no external mirror is used, the total optical
length of the structure must be an integral multiple of half
of the lasing wavelength.

3) The spatial location of the quantum-well active lay-
ers in the structure and the phase of the refiected optical
wave should be such that the antinodes of the standing
wave optical ficld coincide with the quantum wells.
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4) The quantum-well transition should nearly match the
resonant wavelength determined by the spatial periadicity
of the quantum wells.

Failure to satisty any of the above conditions can se-
verely impair the operation of the RPG laser. Most prob-
ably, such a structure would not enjoy any advantage as
a result of the periodic gain medium. and would have a
threshold comparable to that of a conventional MQW
structure.

We have implemented the RPG design in fabricating a
vertical-cavity surface-emitting GaAs/AlGaAs laser and
have demonstrated lasing action by optical pumping. Such
a novel structure offers several potential advantages over
comparable bulk or nonresonant MQW devices, notably
lower threshold, higher overall power efficiency, suppres-
sion of parasitic amplified spontaneous emission and lon-
gitudinal spatial hole buming. and better spectral and
power-handling capabilities. The cumulative length of the
active medium in the RPG sample incorporating a multi-
tayer high reflector was only 310 nm. To our knowledge.
this is the shortest ever gain medium length reported for
any laser device. The short gain lengths made possible by
the RPG structure may result in very stable. single-mode
operation of these devices due to their large longitudinal
mode spacings. Various means of reducing the room-tem-
perature threshold of 6 MW /cm” for pumping at 680 nm
are suggested. We are in the process of fabricating similar
structures with integrated epitaxial AlAs/AlGaAs high
refleciors grown between the substrate and the active re-
gion. We are also invastigating electrical pumpiny
schemes for this novel surface-emitting laser.
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OPTICAL CAVITY DESIGN FOR WAVELENGTH-RESONANT SURFACE-EMITTING
SEMICONDUCTOR LASERS
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ABSTRACT

Recently, we have demonstrated a novel surface-emitting semicondustor laser with 2
wavelength-resonant periodic gain medium. which has performed significanty better than
conventional double-heterosiructure and multipie-quantum-well vertical-cavity devices. The gain
medium consists of a series of half-wave-spaced quantum wells which provides enhanced
longitudinal gain at a selected wavelength in the vertical direction, reducing transverse amplified
spontaneous emission, lowering the threshold and raising the quantum efficiency. However,
because the antinodes of the standing-wave optical field must coincide with the quantum wells,
considerable attention must be devoted to designing the vertical cavity. Here we examine various
cavity configurations in which the wavelength-resonant periodic gain medium has been
incorporated. Multilayer epitaxial reflectors are particularly attractive for fabricating monolithic

vertical-cavity surface-emitting lasers.
. INTRODUCTION

Semiconductor lasers which emit from the top (epitaxial) surface [1-8) rather than from the
end facets are of considerable interest for a variety of applications such as monolithic
optoelectronic integrated circuits {9], optical chip-to~chip interconnects, optical logic devices [10)
and high-power, large-area, two-dimensional arrays [11). Because of their short cavity lengths,
these lasers have large Fabry-Pérot mode spacings which favor single longitudinal mode operation.
However, development of these systems has been impeded by the limitations of existing surface-
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resonators, which are weis suited for tormaing two-dimensional avoasns Phese provems are mostly
due to short achve-region lengihs 1a few micrametersy, very large Fresne! aumbers ack o carrer

and opnicat continement. and generatnen of competitnve amphfied sponianesss e on o ASE

the transverse plane

The rvertwcal Ccavrty surface cemiiung dasers deseioped o sate have peitormed poorh
compared with conventonal edge-emniters, and considerable attention has teen pand to alternatine
geometries whase active regions are contigured n the same wav as an edge-easuinng asers. but in
which radiation 15 directed towards the surface 2ither by 43> mirrors {12,13] or v second-order
distributed Bragg refieciirs {14-16] While some ol these designs have performed weall vertlal-
cavity surface-emitters otfer potentialiv higher packing densiiy, larger emitting areas. beiter beam
quality. uncenstrained arrangement of emtitiers, and planar integration with easier Fatch processing

and on-wafer probe testing

In this paper. we describe the novel concept of a verticai-cas iy, resonant periodis gain
surface-emitting semiconductor laser. with particular emphasis on how th2 gain madium
combined with an optical cavity. In Section 2. the concept ¢! rescnant periodic gain (RPG) s
described brietly. Section 3 contains caiculations of the reflectivity, phase and €3in resonances
which ooiur when the RPG medivm i placed within an aptical cavite, Virss for the struseres
used in the ininal demonsirations of the RPG principie. then for projected oavity Jesigns utilizing
multilayer epitaxial high-reflectors which can be deposited in the same growth process as the gain

medium.
2. RESONANT PERIODIC GAIN SEMICONDUCTOR LASERS

The gain experienced by a mode in a semiconductor laser resonator is determined by the
interaction of the standing-wave optical field with the material gain distribution in the active
region. This interaction is not spatially uniform, but is strongest at the antinodes of the standing-
wave optical field and vanishes at the nulls. Hence the material gain in a homogeneous medium is
not utilized efficiently by the resonant mode, i.e. the effective gain length is shorter than the
overall physical length of the gain medium. To overcome this problem, we have developed a new
multilayer structure: a resonant periodic gain (RPG) medium which maximizes the modal gain in a
semiconductor laser by confining injected carriers, and hence the gain, to the antinode regions
[17-21). This will reduce spontaneous emission due to carriers normally present near the nodes. In
addition, competition from amplified spontaneous emission (ASE) in the transverse directions is
suppressed due to the poor modal overlap integral. This new design is particularly attractive for
vertical-cavity surface-emitting lasers: it has already led to lower thresholds for optical pumping
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electrically -pumped Jevices

Detaiis of the phasics and faboication of RPG vertical-cavity surface-emating lasers hues
aiready been described elsewhere [17-20] For completeness, we provide here a brief outline of
the basic properties of RPG media, betore proceeding to analyze how theyv are combined with
sarious aptial cavity contiguratons I'he maost straightforward RPG structure s formed
series of localized gain regions consisting of single quantum-wells (QWs) or closely spaced grouys
of QWs. peniodically arranged to coincide with the antinodes of the optical standing wave in the
vertical cavity at the lasing wavelength.  Fig. 1 illustrates the RPG structure schematically: the

[ G

lacalized gan regicns {GaAs quantum wells) are separated by passise A!GaAs spacers whose
thickness determines the resonant wavelength ,\r, at which the interaction of the optical tield w.th
the pericdic multiple quantum-well gain medium is maximized. This occurs when the gain
madium has an opucal periodicity of /\r,2. For a properly designed structure, the resonant
waveleng:h /\__ should be chosen to correspond to a particular transition in the quantum wells. In
additton. it s essential that the RPG medium be placed within the cavity so that the antinodes of
the optical standing-wave field coincide with the gain regions, i.e. that the optical thicknesses of
the end iayers be chosen carefully. In the worst possible case. misplacement of the RPG maldium

by a quarter-wavelength would result in 2 total absence of modal gain.

AR~ ~~HR Coating(metal)
/ N

~
~

Uncoated Surface \

Fig. 1. Schematic diagram of resonant periodic gain (RPG) medium designed to enhance the
effective gain length of a vertical-cavity surface-emitting laser. The thick lines represent the
quantum wells, Ar is the resonant wavelength and n, is the refractive index of the spacer material.

Quantum Wells

To illustrate the effect of the RPG structure in a vertical-cavity surface-emitting laser, we
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calculate the ettective gain of a singie longuudinal mode propayitne g rg e Javits (0 s o
the laser, for which the tategrated garn coetficient GLA) (the product (4 acive mecium iengih ang
gain per unit length) 1s given by

L

2ralo):

Gla) = g{z) sin’

where X is the tree-space wavelength of the standing-wave optical Vields D othe caviy deagih, vl
and n(z) the material gain and refractive index, respectively. [ the mediem were unitorm, the
integral (1) would give G()) = ¢L 2, r.e. only half of the available material gain would be utilized
For the RPG medium illustrated in Fig. |. with .V quanium weils of thickness L and separated
by D = ,\r/2n,. where " is the refractive index of the spacer materiai, we evaluate this ntegral
assuming that each QW has the same constant gain cuefficient ¢ o o obmmn the madal gam

spectrum {18-20]
G(A) = (Ng L /21 + sinc(Cal n Ay (2
where sine(x) = sin(x)/x, and we have ignored the wavelength dependence of the matenal gain for

simplicity. The gain resonance becomes sharper as the number of guantum we2ils inireases. much

eriods

[{is]

Tanng

v

Away from resonance, the sinc term averages to zero, and G(A) becomes .\';;_‘L: 2. equal w the in-
tegrated gain in a uniform medium of length ML and material gain ¢ _. Hence, the integrated
gain coefficient G(,\r) at the resonant wavelength is enhanced by a factor of two over that of 2
conventional, non-resonant MQW gain medium having equal acuve length Because the gain
anisotropy reduces ASE in the transverse plane, the RPG iaser should have increased power

efficiency as well as a lower threshold pump level.
3. OPTICAL CAVITY DESIGN FOR RPG LASERS

The basis for the RPG principle is alignment of the antinodes of the optical standing wave
in the laser cavity with a periodic array of localized gain regions (single or multiple quantum
wells), so that the effective gain is enhanced as described above. To optimize this arrangement,
two conditions must be met simultaneously:

(1) the resonant wavelength, i.e. the period of the RPG medium, must correspond to a

strongly amplifying transition in the quantum wells;

(2) the position of the RPG medium within the optical cavity, as determined by the phase

shifting layers at the ends, must be such that the antinodes of the standing wave coincide

with the quantum wells.
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Saustyving these conditions ensures that the resonances of the cavity and gain mediunm overlap at a
design wavelength where there is available gain. In this section we are primarily concerned with
the second condition, that is, configuring the cavity with respect to the RPG medium It the
phase shift {avers are not properly matched to the cavity resonance closest to the gain peak, the
effective gain will degrade rapidly. The worst possible case would have the quantum welis located
at the nodes of the optical standing wase, thereby reducing the usable gain 10 zero It s thereture
not sutticient to opumuze the cavity and RPG medium separately: they must also be aligned with
respect (o cach other  Another important consideration is that, because of the short gain length of
the structure, the opuical cavity must have extremely low losses. Mirror reflectivities must
theretore be as ciose (o unity as possible, and this imposes additional constraints on the cavity

design

We start by presenting a simple technique for calculating reflectivity and gain resonances
for cavities enclosing RPG media. These calculations are performed for the RPG laser with a
depositad aluminum mirror which was first used to demonstrate the principle of resonant periodic
gain {19} For this structure. the importance of correct choice of the thicknesses of the phase
shitting 2nd 15 demonstrated. Next, we consider optimization of the RPG laser by incorporating 2
high-Q cavity consisting of multilaver epitaxial reflectors, which can be deposited in the sam
growth run as that used to fabricate the RPG medium 1self. The growth tolerances for such zan
optim:zad cavity are Jiscussed, and reflectivity and gain resonances for the finished structure ar2

calculazed.
A Merod for Caleulcting Cavity Reflectiviey and Gain

Many textbooks on thin film optical filters present techniques for the calculation of
complex reflectivities of multilaver dielectric structures [22-24]. The approach used in this work
is simply to express the fields Ej” at each layer (j+1) in terms of the fields Ej at the previous
laver (j) and the optical phase shift d>j in traversing the jth layer, using a transfer matrix of the

form
1 ] ([ n. | i i n | -i®. ) [ )
i j
ot 1+ e 1-— (e E*
j+l I J
n. i n,
- A2 N i+l -
- - ] ) i (3)
2 ( n, i<l>j n, -id
E - | - — — .
j+1 J e I + e E,
\ \ L nj+1 4 L nj+1 . J \ J
where N, 0, are the respective (complex) refractive indices, Ej+1+ and Ej" are the complex

electric field amplitudes for waves propagating in the positive z-direction (to the right for
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detiniteness’. and £ 70 E 7 are the tield amplitudes For wasves propagating an the appasie
ine ;
direction The lavers are numbered from right to left, with the fields defined at the rightmost
edge of 2ach laver The toral cavity reflectivity for waves incident from the left can then ke
evaluated by imposing the boundary condition that there 1s only an outgoing wave o the med.um
bevand the right end of the cavity. and carrying out a straightforward series of matrix multiphca-
tions to evatuate the ingident and reflected fields in terms of this outgaing wave  The effecine
gain in the structure is calculated by integrating the product of the inwensity and gun faswor
through the lavered structure and dividing by the incident intensity.  Because we are interested
only in matching resonances of the cavity and the RPG medium, we did not include dispersion of
the material gain or index in any of these calculations. The additonal requirement of placing
these rescnances close to the gain peak is less critical. and will not be dealt with explicitly in this

paper.
B. Protoiype RPG Ceavity with Al End Reflecior

The first structure used to demonstrate the resonant periodic gain principle coasisted of 2

n

serizs of 32 GaAs quantum wells (L, = 10 nm) separated by half-wave Gao - A, L AS spacers 1D

17,20}. On= 2nd

109 nm). designed for operation at the n = 2 subband transitions near ~825 nm |
of the structure was uncoated. so that its reflectivity was ~32%. while a laver af Al was depesited
onto thz other end to obrtain a retlectivity of ~73%. The overall refiectivity and effecaive gain
this device have been calculated as described above. assuming a quarter-wave 2nd spacer on the
Al-coated side, and different spacer laver thicknesses on the other end  Figure 2 tllustratss the
results for a half-wave thick layer on the free (uncoated) end, which is expelted to be close i
optimum. As anticipated, the effective gain is enhanced by a factor of two at the resonant
wavelength of ~825 nm. For comparison, we have performed similar calculations for the same
RPG medium with a quarter-wave spacer layer at each end. This structure does not exhibit any
enhancement in its effective gain, as shown in Figure 3. The normalized peak gain is given in
Figure 4 as a function of the thickness of the final spacer layer on the free (uncoated) end of the
resonator. In obtaining Fig. 4, the resonant wavelength was allowed to vary with the total cavity
length, hence the observed periodicity in the gain as a function of and spacer thickness differs
slightly from the nominal A The refractive indices used were (2.75 + 8.311) for Al [25], 3.64 for
GaAs and 3.45 for Aly ,.Ga, . As [26,27]. Note that the calculated resonances are relatively broad
due to the poor cavity Q-factor; the round trip reflectivity product is only ~0.24. The variations
in depth and width of the resonances are a manifestation of small distributed feedback effects due
to reflections at the quantum wells. To estimate the magnitude of these distributed Bragg
reflection effects, we have modeled the behavior of a structure in which the end reflections have
been artificially suppressed by (computationally) attaching thick GaAs films to the ends. The
results of these calculations are given in Figure 5. The effects of periodic reflections at the
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Fig. 2.
(solid line) and reflectivity (dotted

Calculated normalized gain

line) spectra for RPG surface-emitiing
laser with a quarter-wave end spacer
facing a metal reflector, and a half -

wave spacer at the opposite end.

Fig. 3. Calculated normalized gain
(solid line) and reflectivity (dotied
line) spectra tor RPG surface-emitting
laser with a quarter-wave end spacer
facing a metal reflector, and a quarter

-wave spacer ai the opposite end.

Fig. 4. Calculated variation in peak
gain for a RPG surface-emitting laser
with a quarter-wave end spacer facing
a metal reflector, as a function of the
thickness of the spacer at the opposite
end.
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C. Improved Covicies Using Mudidicver Epraxial High-Reflectors

Because of its short cavity length, the vertical-cavity surface-emitting laser requiras

“a.
<

extremely high gain per unit length, The opumal way 1o configure a veruical-cavity surtal
emitiing laser is thus to provide a very high-GQ cavity, which may be tormed by brackeung the
gain medium between a pair of epitaxial mululaver high-reflectars (MHRSs) consisting of 3 st3oa
of alterrating high-and low-index quarter-ware lavers [4,5.28]. The materials for these lavers
must obvicusiy be chosen to have sutticients wide bandgaps that excessive absarpnon losses i
Stmpie Jatculanions show ¢hat for a vernioai cavny surface-emiiiing
laser contzining a series of ~30 quantum wells of thickness ~10 nm. the threshold gain required s
of the order of 4 pm™* when uncoated. 2.3 pm" when an Al reflector is deposited on one sidz.

but drops t0 0.03 um™* (300 cm™!) when the active medium is tracketed by two MHRs with $5%

reflectivity.  The reflectivity spectrum tor a typical MHR consisting of 20 pairs of alternating
quarter-wave layers of indices n = 3.20 and My = 3.50, is shown in Figure 6.
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Since the inclusion of MHRs in the device dramatically increases the number of lasers 1o
be grown, the effects of uncertainties in layer thicknesses and compositions must be considerad.
In Figure 7 and 8 we plot the spread in the reflectivities (the dotted line is the ideal curve), and
variations in the cavity phase shift at the peak, for AlGaAs/AlAs MHRs with different numbers
of layer pairs, assuming a random variation of + 5% in the optical thickness (combined
uncertainties in physical thickness and refractive index). The solid curve is the theoretical result
for a perfect stack of alternating quarter-wave layers of high-index (61.4 nm of Alj ,Ga, oAs,
ny = 3.36) and low-index (68.8 nm of AlAs, n = 3.00) materials, while the bars represent the
spread in the quantity calculated. These data suggest that, while the spread in reflectivity is
minimal when more than ten periods are used, the phase variations are of much greater concern
for the RPG laser (refer also to Figure 5). Critical control of the cavity resonance is clearly
required if the RPG structure is to be used to its best advantage.

Finally, we have calculated the reflectivity and effective gain for an improved RPG
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4. CONCLUSIONS

in summary., we have described a novel resonant-periodic-gain (RPG) medivm wihion
optimizes the available gain in a vertical-cavity surface-emitting semiconductor laser. The basis

for the gain enhancement is alignment of the antinodes of the standing wave optical Vield

resonant cavity with periodic localized gain regions such as single or multuiple quantum welis, Sinc:

the usual sine-square averaging in the overlap integral between the optical field and the spa:ia!
gain distribution is absent, the effective gain is increased by a factor of two. One critical
condition which must be satisfied to optimize the gain in a RPG medium is that the gain medium
must be positioned correctly within the optical cavity. If the RPG medium is misaligned within
the cavity, the effective gain degrades rapidly and may actually become less than that of a
conventional MQW structure.

Because of the need for very high Q cavities due to the short gain lengths in vertical-
cavity surface-emitters, and due to the additional constraints on resonant periodic gain devices,
cavity design is of the utmost importance. We have analyzed various cavity configurations for
RPG lasers, including an optimized structure with epitaxial multilayer high-reflectors at either
end. The tolerances in grown layer thicknesses and compositions required for successful
fabrication of such devices are a few percent.
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not Jemonsirated here  The active regon Con-
$187s o 600-A GaAs weils spaced by nitegral num-
sers of naltwaves wih ntervening darriers of
Aly :Gay sAs alternately scoad 9 and n ype * A
Aitterent siructhug 31061 was grown with quantum
weils 3t GaAs/ Aly ,Ga, 45100 47200 Ajumitorm-
ly S1sirbuled Mwoughcutl e active region  The
quanium weils are nQt Jommensurate «'th the
silancirg wave  Ancther structure BICT1 was
Grown n sequence wn 3iC51. It hac nominally
wentcal murors anC aclive region Mickness
However, the aclve region comprised quantum
wells zositioned at ‘he sianding-wave maxima.

A photograph of a low livergence beam emitted
from sample BI07 % in cw :asing conditions at room
temperature is shown in Fig. 1. The small bright
spot (~7 um) on the lef side of the photo is the
photopumped sample. The laser emits ~20 mwW
in a concentrated circular beam which strikes an IR
sensing card ~30 cm away. Intensity contours of
the beam Cross section are very circular. Mea-
sured profiles of the beam cross section indicate
that he laser operates in the fundamental TEMyo
mode in the ciffraction limit. The measured beam
divergence was as low as 2.5°. Measured lasing
linewiCths were as narrow as 2 A for all struciures.
A lasing specirum tor UCSB-1 is shown in Fig. 2.

All structures lased cw at room temperature
with subsiantial output power. Total output pow-
ers up ‘0 ~50 MW were observed for both BIO71
and BIC6 1. Up 10 ~30-mW output was observed for
UCS8-1. The overall forward output efficiency
for these ESELs is as high as 36%. The ditferen-
tal quantum eticiency is as high as 80%. Com-
pared 0 81071, e aoscroed power a3t hreshold
was ~3C % 'ower an ‘cr sample BICE 1.

This result :s zonsisier: aith calculations of the
azscroed power hreshcie wmch predict 75 % low-
ar :rasnold for 2IGT 1. The threshold conciticn is
G, 3, = (1N In( i where G, and A are
the sa:in and icss per juanium well. r.and r; are
argituce reflaciivities, anC Nuy is the effective
numecer 3f quartum wails Darticipating 'n the gain
process For Nguantum w~eils with haltwave pen-
ocic:ty, all quantum weills carticigating mely that
low Nresroic singl2 Juantum well ESELS should b2
poss.Cie with Sresert sermconcucior mirror tech-
nology {12 min)
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FC4  Surface-emitting lasers: a comparison of
resonant periodic gain and conventional struc-
lures
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Recently, we proposed a novel resonant pariod-
ic gain (APG) stucture for surface-emituing (SE)
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lasers consisuing of quantum well (QW) layers
spacec ai one-haif ot the lasing waveiength anc
have demonstraied lasing action with the shortest
gan medium length ever reported. we delieve '*
Here we report a systematic comparison betweer
he new StruCire and conventonal vertical-cavrly
designs of equivalent active medium length

Due 10 the vanishing interaction of the ogtical
tigic with the carriers in the vicinity of the standing-
wave nulls, conventional SE lasers? ¥ go not futly
utlize the gain of the medium. The light-carrier
interaction and hence the ettective gain can be
maximized when the gain medium is conhined !0
the antinode regions. This is accomplished in the
new structure, incorporating a series of single or
muttiple QWs separated by relatively thick spac-
ers. To optimize the light—carrier interaction in
the QW region, the spacer thickness has to match
one half of the wavelength in the mecium corre-
sponding to a particular QW transition.

Theoretical estimates'? for this structure pre-
dict that the integrated gain in the vertical direction
at the resonant wavelength should be twice that
away from the resonance or that in a unitorm
medium of equal gain length, Apart from en-
hanced integrated gain and wavelength selectivity.
this structure has the additional advantage of re-
duced amplified spontaneous emission, since no
tree carriers can accumulate in the spacers.
Likewise, longitudinal spatial hole burning is elimi-
nated.

Figure 1 shows the three structures used in this
study with (a) the RPG active medium. (b) conven-
tional muitipie QW, and {c) bulk active region. All
three structures were MBE grown with identical
AlAs/Alg Gag sAs multilayer high reflectors’ cn
the supstrate side and with the uncoated top Ai-
GaAs surfaces serving as the front reflectors
£ach samole had a ‘otal cavity length ot ~3.7 um
and a 'otai active mecium length of only 310 nm
Figure 2 shows photoluminescence (PL) specira
obtained under low intensity (0.5-C.9-kw/cm?) cw
optica! pumping using the 514.5-nm lime of an Ar-
ion laser. Wice Fabry-Perot resonances are 2vi-
dent. Under high intensity dye laser pumping (7-ns
pulses, 630-nm wavelength), no !asing action was
observed in the PL spectra of structures (b) anc¢ (C*
with 2 pump intensity of 46-65 MW/cm? [Fig. 3(%)
and (c)] and even up to the damage limit of ~ 100
MW/em?.  in contrast, the RPG structure lased on
the n = 2 transition (805-810 nm) at threshold
pump intensities of 10-15 MW/cm?. Figure 3(a)
shows the lasing spectrum at 44 MW/cm?. We
have thus demonstrated that the new siructure
represents a superior design for vertical-cavity SE
lasers otfering significantly lower thresholds and
higher efficiencies. The active-medium length of
310 nm is the shortest ever realized in any laser
device. The lasing threshold can still be consider-
ably reduced with a properly optimized structure
and high Q cavity. Cavity mode calculations and
additional experimental results on lasing behavior
are presented. {12 min)
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Ultraiow tveshoid swrtace emiting lasers’ ma,
e useful tor long range and chip ‘0 chip opuica;
communications  The focus of many eftors ig 1o
use quantum well siructres and minimize the ;c.
tive material volume? while maximizing the Miror
refiectivities.! All epitaxialty grown Fatry-Perpt
resonators are suited for both of these durposes.
Additionally 111 deswable to have the sudstrate be
transparent at ihe lasing wavelength. HMHere we
demonstrate opticaily pumped surtace-emitting
lasing from MBE grown resonators comaining Ing -
Gag gAs/GaAs strained quantum wells active lay-
ers and GaAs/AlAs mirrors.  The emission wave-
length ranged from ~0.98 to 1.0 um in the two
samples grown and varied with position on the
samples. The lasing threshold was 50 pJ on an
estimated area of 30 pgm?.  Nonlinear optical
switching at 1.06 um with a 5.1 contrast was aiso
achieved with a 20-pJ, 0.9-um pump.

The resonator structures were grown Dy MEE on
Si doped GaAs substrates. 12.5 periods of AlAs/
GaAs (834/707 A) were followed Dy seventy Ing -
Gag sAs/GaAs wells/barriers (807150 A) The
second mirror grown on top of these achieved the
same reflectivity as the first {(~93%) with eight
periods of the same thickness GaAs/AlAs struc-
tures due 0 the ar-GaAs interface. Simiiar In-
GaAs quantum wells zrown with he same Zondi-
tions Hut without mirrors exnitited Jistingt excron
resonances at 30C K. A ¢w moce-iocxed Zye
laser provide¢ 0.373..m. 10-cs duises at a 3C-
MMz rate 10 2ump the swructures  Figure | shows
he AutPUT ¥vs Mput Snaracierisuc with 3 shars
lasing Mresnoic a1 SO-pu inCicent pump 2rergy
The single-moce 2mission linewiCth just adbcve
resnolc was T nm Al nigh Sump energies the
otbserved specirum (Urma-intagraied) was 2roac-
enec lowars short waveiengths mainfy Jue 0 Cy-
namic tunng of the cavily  The ihreshaig carrier
densih was esumaled o 3e 3 X 10°7 cm ™7/ weil
using a 30-um spo! area and 25-pJ apsordec
energy. We estimate a tveshold current density
for these structures if they would be pumnped elec-
trically 10 be 20 pA/um?. In the calcuiation, the
estimated carrier lifetime of 0.4 ns at the threshokd
was obtained by using a bimolecular recombina-
tion rate of 4 X 10~'9 cm?/s. This result suggests
the possibility of an ultralow Bweshold current sur-
face-emitting diode laser in InGaAs/GaAs quantum
well microresonator structures. Since the output
can transmit through the substrate, we can use a
thick goid top contact layer which with only a small
number ol mirror layers yieids high reflectivity
(>99%). Such a top contact structure is not pos-
sible in GaAs/AlGaAs systems. Threshoid densi-
ties can be further reduced by using higher reflec-
tivity mirrors and fewer quantum wells. For opti-
cal gating/switching it Is advantageous to have
transparent substrates and operate st the wave-
length of high power lasers such as NO:YAG. The
present structure gated 1.06-um wavelength
puises from the NG.YAG laser which was used to
pump the dye laser; 20-pJ incident pump energy
shifted the transmission peak of the Fabry-Perot by
one FWHM. {12 min}
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FC3 Fig. 2. Lasing spectrum of sampie UCSB-
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300K CW OPERATION OF MOCVYD GROWN OPTICALLY PUMPED GaAs/AlGaAs
RESONANT PERIODIC GAIN VERTICAL CAVITY LASERS WITH 45% EFFICIENCY
C. F. Schaus, §. Sun, H.E. Schaus, M.Y.A. Raja, J G Mclnerney, S.R.J. Brueck
Center for High Technology Materials
University of New Mexico
Albuquerque, NM 87131

The fabrication of wvertical cavity surface-emitting semiconductor lasers

incorporating half-wave periodic gain, or resonant periodic gain (RPG), have recently

been demonstrated using molecular beam epitaxy (MBE) [1-5]. Here we describe
structures grown entirely by MOCVD which exhibit the highest efficiency in a vertical
cavity laser reported to date.

The RPG medium allows the half-wave-spaced localized gain regions (single
quantum wells in this case) to become aligned with the antinodes of the standing-wave
optical field in the laser cavity. The effective gain along the cavity axis is twice that in
the transverse direction and  parasitic amplified spontaneous emission in the transverse
However, there are several important design considerations for

First, the periodicity of the RPG must match one-half the

direction is suppressed.

optimizing this structure.
lasing wavelength.  This wavelength must simultancously match the n=1 quanium wecll

transition, and the entire RPG medium must be placed in the cavity so that the antinodes

align with the quantum wells. This requires a high degree of accuracy in the optical

thickness control of the many MOCVD grown layers.
The RPG laser structure grown for this study is shown in Fig. 1. Epitaxial lavers

were grown in a low pressure horizontal MOCVD reactor at 725°C. The resulting layer

thicknesses were uniform o within + 2% over 90% of a 50 mm diameter GaAs substrate.

Thickness reproducibility was measured at = 0.25% from run to run. The multilayer
epitaxial reflectors (MLRs) on either side of the RPG medium are designed to provide
reflectivities of 99.70% (30.5-periods grown on GaAs) and 99.95% (20-periods ending in
air) for the output coupler (right) and reflector (left), respectively, The device
incorporates an RPG active region consisting of 20 10-nm GaAs quantum wells separated

by Alp.20Gap gpAs spacers. The structure was optically pumped using a CW dye laser
focused with a microscope objective lens (5x or 20x), which also served as collection

optics for the RPG laser output. The threshold energy for the structure was measured as

a function of wavelength, showing a minimum near 739 nm. The device operated in a

single longitudinal mode (Fig. 2) with spectral widths as narrow as ~0.27 A FWHM. Fig. 3

shows the output vs input powers for the device at 739 nm pump wavelength. The overall

power conversion efficiency is over45% at 18 mW output power.
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In. conclusion,high efficiency GaAs/AlxGaj.xAs vertical cavity surt':xcc-cmiuing
lasers with resonant periodic gain have been fabricated and demonstrated. The
threshold was 15 mW at 300K CW using 739 nm excitation. The device exhibits stable
single longitudinal mode output at ~860 nm with 0.27 A FWHM., and power conversion

efficiencies over ~45%.
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Figure 1. A schematic illustration of the RPG laser structure in which
the number of periodic layers has been reduced in order to simplify
interpretation.  Also shown is the standing wave electric field
corresponding to the resonant mode of the cavity.
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Figure 2. Spectral output above Figurc 3. Optical power output
threshold (5x objective). vs input curve at 739-nm

cxcitation (20x objective).
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DYNAMICS OF RESONANT PERIODIC GAIN GaAs/AlGaAs SURFACE-EMITTING
LASERS UNDER PICOSECOND OPTICAL EXCITATION

by

M. Y. A. Raja, A. Mukherjee, M. A. Mahbobzadeh, C. F. Schaus, and S. R. J. Brueck
Center for High Technology Materials, University of New Mexico
Albuquerque, New Mexico 87131

ABSTRACT

The output of a resonant periodic gain surface-emitting GaAs/AlGaAs laser was modulated by
changing the phase and reflectivity of a monolithic cavity mirror by the absorption of
picosecond optical pulses. Dynamical processes, studied as function of cw pump power,
picosecond laser wavelength and pulse energy, are reported.
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Resonant periodic gain (RPG) vertical cavity, surface-emitting semiconductor lasers [l]
are promising for various optoelectronic applications. RPG structures utilize spatially periodic
quantum well gain regions to provide an enhanced light-matter interaction [1] leading to higher
gain, frequency discrimination and reduction in transverse amplified spontaneous emission (1]
Recent optical pumping results [2-3] have shown that when such RPG structures are integrated
with epitaxially grown multilayer high-reflectors, low thresholds (~ kW/cm?), high efficiencies
(> 45%) and narrow linewidths (< 0.25A) are obtained. Here, we present recent results on the
investigation of the dynamics of RPG surface-emitting lasers.

In our experiments, MOCVD-grown 20-period GaAs/AlGaAs RPG structures with
integrated multilayer high-reflectors [3] are used. In such laser structures phase of the optical
standing wave plays an important role in optimizing the interaction with the active sections
(quantum wells). The top mirror (19 1/2 period Alj,.Ga,,.As/AlAs quarterwave stack) was
modulated optically with cavity-dumped dye laser pulses (A = 620 nm, 10 psec., 80 kHz) while
the RPG structure was continously pumped by a cw dye laser operating at 740 nm.

Fig. 1 shows a typical output pulse from this structure as well as the 10-picosecond dye-
laser pulse. The temporal resolution was limited by the electronics. The delay between the
picosecond pump pulse and the RPG lasing pulse depends on the c¢w dye laser pump power.
Secondary pumping of the gain region by photoluminescence from the mirror potentially plays a
role in these results. Evolution of the RPG output pulse was studied as a function of various
parameters including: picosecond pulse energy, wavelength, and c¢w dye laser power. These
dynamical measurements not only give an insight to the physics of RPG laser structure but also
show its potential for an active modulator. Basic mechanisms leading to this output pulse
evolution and modulation properties will be presented along with details of the results.
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Fig 1. Output of RPG pumped with
30 mW cw and ~ 0.5 nJ10 psec. dye
laser pulse. (electronics limited).
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ABSTRACT

The transverse mode behavior and spectral properties of vertical cavity, high efficiency
surface-emitting GaAs/AlGaAs resonant periodic gain lasers, are described and analyzed.
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Recently, CW lasing has been demonstrated at room temperature [1-2] in resonant
periodic gain (RPG) GaAs/AlGaAs vertical-cavity surface-emitting lasers [3].  Optically
pumped RPG structures grown by MBE {1] and MOCVD [2] have shown very low thresholds
(~ kW/cm?), high conversion efficiencies ( > 45% ) and narrow linewidths (~ 0.25A) [2]. RPG
laser structures make use of an enhanced interaction of the optical standing wave with a
spatially periodic gain medium (A/2 - spaced quantum wells) which not only doubles the
effective gain coefficient and reduces the amplified spontaneous emission, but also offers high
wavelength selectivity [3]. Such laser structures inherently operate in a single longitudinal mode
because of their short cavity-lengths (few pm).

Here, we describe the transverse mode characteristics of RPG laser structures [2] with
integrated multilayer high-reflectors for various optical pumping conditions. Both pulsed and
CW experiments were carried out at 300 K. The experimental setup allowed simultaneous
measurements of transverse mode structure, wavelength and output power. The transverse
modes depend strongly on the pump spot diameter. For a small pump spot ( ~ 5 pm) the laser
output is TEM, for up to 4 x the threshold pump power. For higher pump power, the output
switches to a higher order mode (c.f. Fig. 1 (a),(b)). With a slight decrease (~ 0.2%) in pump
power the higher order mode switches back to TEMOO mode. (c.f. Fig. 1(c)). This variation of
the output mode is accompanied by a dramatic increase in the output power (- 5 x) for the
higher order mode, as well as a wavelength shift.

In the absence of any transverse guiding structure such mode switching can be attributed
to the carrier-induced antiguiding and gain guiding. The pump spot dependence may be
explained by considering the large Fresnel numbers associated with the short cavity-lengths and
large pump spot. The frequency selectivity of the RPG structure as well as the large Fresnel
numbers, also permit several degenerate higher order transverse modes at the same wavelength.
Higher order transverse modes which satisfy the resonance condition for the RPG structure and
micro cavity (Fabry-Perot), are supported by carrier diffusion from the pumped region. It was
also observed that the mode of the pump laser also influences the RPG laser mode. Beam
quality of these RPG lasers and the study of near- and far-field mode-patterns will be
discussed. Analysis and possible use of such modal and spectral properties as a switch will also
be presented.
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