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he stated goal of the
T Super High Efficiency

Diode Sources (Sheds)
program is to develop super-
efficient diode lasers, which,
in turn, will lead to efficient,
high-power solid-state la-
sers. The missing link be-
tween these two goals is the
spectral match between the
diode laser pump and the
solid-state laser, and it is on
realizing that match that we
are focusing our efforts.

A spectral width above
5 nm and drift of the diode
laser’s wavelength with tem-
perature — roughly 0.3
nm/K — can introduce a
significant mismatch and
undermine the efficiency en-
hancements generated in
other parts of the Sheds pro-
gram. The work in Michael
Bass’s laboratory (see page
110) indicates that the pump
bandwidth should be no
more than a couple of nano-

350 nm, so several com-
mercial lasers — HeCd,
argon-ion or N, — can write
in it. The UV exposure is fol-
lowed by thermal develop-
ment at approximately 500
°C, which results in refrac-
tive index decrement of ap-
proximately 1073 in the re-
gions exposed to the UV ra-
diation. This use of a two-
step recording process en-
sures that patterns written
in the material cannot be
erased or distorted by heat-
ing below 400 °C or by any
type of optical or ionizing
radiation.
Photothermorefractive
glass is an ideal medium for
the diffractive dispersive el-
ement in an external res-
onator stabilizing a diode
laser. It has virtually no ab-
sorption from 400 to 2500
nm, and its damage thresh-
old is approximately 40
J/cm? for 8-ns pulses at

meters to maximize pump-
ing efficiency. Thus, we are
attempting to minimize the
bandwidth of high-power
diode lasers and to stabilize
their wavelength with respect
to temperature changes at a position
that provides optimal distribution of
absorbed energy in a gain medium.

Our approach is to use an external
resonator with dispersive elements,
a concept that has been on the table
for at least a quarter century. The
external resonator provides narrow-
band feedback at a stable wave-
length, forcing the laser to have those
same spectral characteristics. Until
now, however, the utility of this ap-
proach had been restrained by the
absence of robust dispersive ele-
ments that combine high spectral
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Figure 1. The bulk Bragg gratings can reflect or transmit the
diffracted beam. When used as the dispersive element in a

laser diode’s external resonator, they are designed to refract
a narrow band of wavelengths directly backward.

selectivity and stability when sub-
jected to tough thermal, mechanical
and optical conditions. The situation
was dramatically changed by our de-
velopment of high-efficiency volume
diffractive elements (Bragg gratings)
in a photothermorefractive glass.
As the name implies, a photother-
morefractive glass is one whose re-
fractive index can be selectively mod-
ified by combined photonic and ther-
mal processes. Our material is a
Na,0-Zn0-AlL,0,-Si0,, glass doped
with silver, cerium and fluorine. Its
photosensitivity is between 280 and

1064 nm and exceeds
100 kW/cm? for CW irradi-
ation at 1085 nm. The lin-
ear refractive index and the
dispersion of photothermo-
refractive glass in the near-
IR are typical for crown glasses (n,
= 1.49, v, = 59.4), the thermal de-
rivative of refractive index is almost
zero (dn/dT = 10°7/K), the thermal
shift of Bragg wavelength caused by
thermal expansion is small (dA/dT
= 7 pm/K), and its nonlinear re-
fractive index is the same as for fused
silica (n, = 3.3 X 107'¢ cm?/W).

We can produce either reflective or
transmissive gratings for almost any
geometry for the input and output
beams (Figure 1). Unlike convention-
al surface gratings (both ruled and
holographic), thick Bragg gratings
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Figure 2. The photothermorefractive Bragg grating serves as the output coupler.
Because it reflects only a narrow band back into the laser, the laser can lase only

within that band.

diffract only one wavelength for any
incident angle.

This means that for all other wave-
lengths approaching the grating at
this incident angle — and for this
wavelength approaching the grating
at other incident angles — the grating

is a transparent glass plate. Spectral
selectivity in the near-IR region ranges
from 10 to 0.1 nm, and selectivity
down to 0.01 nm can be expected in
the near future. The best diffraction
efficiency for these gratings exceeds
99 percent, while insertion loss is

Figure 3. The laser’s output spectrum is narrowed from ~5 to ~0.2 nm with the
addition of the photothermorefractive Bragg grating in the external resonator.
Moreover, the output wavelength was locked at ~941 nm, virtually independent

of temperature.
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less than 2 percent (0.1 dB).

We have deployed a photother-
morefractive grating as the output
coupler of each laser in a monolithic
laser bar (Figure 2). The spectra of
this multichannel volume Bragg
laser, and of a corresponding laser
bar without the external resonator,
are shown in Figure 3. Without the
external resonator — that is, when
the two end facets of the diode
formed the laser resonator — the
laser’s bandwidth was somewhat
more than 5 nm, and the output
shifted by approximately 5 nm as the
laser’s temperature varied from 20
to 35 °C. When the photothermo-
refractive grating was substituted as
the output coupler, the bandwidth
was reduced to approximately 0.2
nm, and thermal shift in the output
wavelength was imperceptible.

The external resonator reduces the

laser’s efficiency by about 5 percent,
and one of our challenges in the
Sheds program is to cut this effi-
ciency loss to something in the neigh-
borhood of 2 percent. We have ob-
served performance similar to that
in Figure 3 in many laser diode bars
produced by our colleagues from
Alfalight Inc. of Madison, Wis., and
nLight of Vancouver, Wash.

Thus, photothermorefractive vol-
ume Bragg gratings have shown un-
doubted success for the efficient
spectral stabilization of semicon-
ductor laser and laser bars. O
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Addressing Inefficiency
in Laser Diodes

by Jason Farmer, nLight

t the time the Super High
A Efficiency Diode Sources

(Sheds) program started in
September 2003, nLight’s highest-
performing 940-nm semiconductor
lasers operated near 50 percent over-
all efficiency. In little more than a
year, the improvements described
here and others have enabled the
company to demonstrate high-power
semiconductor lasers with efficien-
cies of more than 70 percent.

With the focus on efficiency pro-
vided by Sheds, a clear experimental
path that will enable 75 percent ef-
ficiency in the near future has been
identified. The goal is 80 percent by
September 2006. This is clearly
achievable, and it will set the path
for a revolutionary class of high-
power semiconductor lasers.

NLight is taking a direct approach
to the design and fabrication of laser
diodes that can meet the goals of the
Sheds program. It is targeting three
key sources that limit the overall ef-

ficiency of today’s commercially avail-
able laser diodes to 50 percent: volt-
age drop, the energy expended in get-
ting charge carriers (holes and elec-
trons) from the electrodes across the
semiconductor and into the quan-
tum well; lost electron-hole pairs, the
energy lost when holes and electrons
recombine without producing a laser
photon; and lost laser photons, the
energy lost when photons are ab-
sorbed or scattered before leaving
the resonator.

Voltage drop

Each photon generated in a semi-
conductor laser has a certain amount
of energy. In an ideal device, each
injected electron-hole pair would
have exactly this energy. However,
in a real semiconductor laser, each
pair must have additional energy that
is expended in moving it from the
metal leads into the semiconductor
(contact resistance), through each
layer of semiconductor material (bulk
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