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Continuous-wave room-temperature operation is reported for the first time of vertical cavity
current injection semiconductor lasers with a metallic reflector. The GaAs/(AlGa) As lasers
have low-threshold currents of 8 mA for 8-um-diam contacts and threshold current densities
of 9.5 kA/cm?. Single longitudinal mode and bimodal operation are obtained for short and
long Fabry—Perot étalons, respectively. The spectral width of the single-mode laser line is 0.1
A. The laser structures have a very small series resistance which results in a voltage drop of 1.8

V along the diodes at lasing threshold.

The optical axis of vertical cavity surface-emitting lasers
(VCSELs) is along the epitaxial growth direction of the
semiconductor crystal as opposed to the more common hori-
zontal cavity lasers or edge-emitting lasers. Due to the short
gain path of vertical cavity lasers, it is required that the re-
flectivity of the mirrors defining the Fabry-Perot étaion is
close to unity. Several concepts were employed to achieve a
high reflectivity including metallic reflectors,'” guarter-
wave (1 /4) semiconductor multilayer reflectors,®” guarter-
wave dielectric reflectors,” * and 2 hybrid mirror, i.e., acom-
bination of the metaliic and 4 /4 semiconductor refiectors.”
The requirement of high reflectivity makes the concept and
fabrication of the two mirrors a key point for vertical cavity
lasers.

The concept of the metatlic reflector is of crucial impor-
tance due to its ambivalent requirements. The metallic con-
tact serves two purposes, that is, as a mirror as well as an
ohmic electrical contact. The parallel direction of optical
propagation and current density vector in vertical cavity la-
sers requires the simuitaneous realization of the reflector
and contact. This property is unique to vertical cavity lasers
and is in contrast to horizontal cavity lasers where the light
and current vectors are orthogonal. The contact is a nonal-
loyed ohmic contact'® which is typically achieved by a high
doping concentration in the vicinity of the metal-semicon-
ductor junction. Such nonalloyed ohmic contacts have a
smooth morphology due to the lack of thermal annealing.
The metaliic mirror/contact concept has a number of advan-
tages including low series resistance,' low thermal resis-
tance,’ and smail current spreading due to the proximity of
active layer and the contact. A planar laser structure can be
realized with such reflectors.

In this letter we report on a metallic reflector vertical
cavity laser using siiver (Ag) for the top reflector and con-
tact. The lasers have excellent properties inchiding low-
threshold current, narrow linewidth, low series resistance,
and small thermal resistance. The structure of the laser, the
corresponding band diagram, and the profile of the refrac-
tive index are shown in Fig. 1. The laser structure consists of
30 pairs of an n™-AlAs/Al s GayosAs (730 A/600 A)
quarter-wave muitilayer structure, a lower confining n~ -
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Al 5, Gay g As layer, a 0.6 um p~-GaAs active region, a 0.5
sm top confining p-Al, 5, Ga, .0 As layer, and a 625-A-thick
p"-Al, . Gay o As contacting layer. The thickness of the
lower confinement layer was chosen to be 3 and 13 um for
two different samples.

The epitaxial films are grown on (001) oriented n™*-
type GaAs substrates in a Varian Gen 1I molecular beam
epitaxy system. The surface morphology of the crystals is
examined by Momarski contrast microscopy and is found to
be featureless except for oval defects. Transmission electron
microscopy  revealed  planar growth of  the
AlAs/ AL, s Gag g5 As quarter-wave reflectors and no rough-
ness even after 30 periods. Silver (2000 z&) is evaporated
after growth in a separate high vacuum chamber as the ini-
tial processing step. The Ag dots are photolithographicaily
defined and undesired Ag is removed by etching with diluted
nitric acid. Some of the laser samples are mesa etched
(B, PO H,0,:H, 0 = 1:1:20) up to a depth of 1.5 pgm. A
small decrease (10% ) of the threshold current density was
found upon etching indicating that little current spreading '
occurs. The lasers are individually tested using a probe nee-
dle and a standard photomultiplier detection system. For
continuous-wave operation an Anritsu MS9001B optical
spectrum analyzer is used.
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FIG. 1. Schematic (a) structure, {b) energy band diagram, and (c¢) refrac-
tive index profile of the metallic reflector vertical cavity injection laser (not
to scale). A metallic (Ag) ohmic contact is used as a top reflector. The
bottom reflector is a quarter-wave (4 /4) multilayer structure. Band bend-
ing in the A /4 reflector region of the band diagram is neglected.
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FIG. 2. Emission spectrum of a metallic reflector vertical cavity laser (a}
below, (b) at, and (¢),(d) above threshold. The contact diameter is 8 gm.

The optical spectra of an 8-um-diam GaAs VCSEL with
a top Ag mirror are shown in Fig. 2 for currents (a) below
threshold, (b) at threshold, and (c),{d) above threshold.
The threshold current for laser emission is 8 mA which cor-
responds to a threshold current density of 16 kA/cm?. For
an 18-um-diam laser a threshold current of 24 mA is mea-
sured which corresponds to a threshold current density of
9.5 kA/cm”. The threshold current and the threshold cur-
rent density are a remarkable improvement over previously
reported results on GaAs VCSELs.' Single longitudinal
mode emission cccurs in the laser regime due to the short
optical resonator of 4.1 um. For such a cavity length the
spacing of longitudinal modes is large resulting in single-
mode emission. High-resolution spectra of the laser emission
are measured with an 1800 grooves/mm grating in a 3/4 m
spectrometer. The linewidth of the laser at threshold is
<1 A. At injection currents slightly above threshold, the
linewidth decreases to 0.2 A. Under optimized conditions a
linewidth of 0.1 A is measured. The value of 0.1 A is limited
by the resolution of the monochromator. The spontaneous
emission spectrum reveals five Fabry-Perot resonances with
an approximate separation of 100 A.

A larger number of Fabry-Perot resonances are ob-
tained in longer resonators as shown in Fig. 3. The thickness
of the confining layers and the active region is 14.1 gm. The
pronounced oscillatory characteristic of the spontancous
emission spectrum is indicative of low losses in the cavity
and of the high quality molecular beam epitaxially grown
GaAsand Al,Ga,  As. The finesse of the cavity as inferred
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YIG. 3. Emission spectrum of a metallic reflector vertical cavity laser
{a),(b},(c) below and (d),(e) above threshold. The Fabry—Perot cavity
lengthis =14 um.

from the Hinewidth and the line separation is 3.5. The finesse
is determined by the botiom guater-wave mirror
(R,=99%) and the top semiconductor-air interface
(R,==32%). The calculated finesse of the two reflectors has
F=m/R/(1 —R)=53,
=R ,R, = 0.56. At higher injection intensities the laser
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FIG. 4. Current-voltage characteristic of 2 metallic reflecior vertical cavity

laser with contact diameter of 30 ym. The differential resistance at thresh-
oid is 4.1 §. The voltage drop across the diode laser at threshold is 1.8 V.
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FIG. 5. Continuous-wave room-temperature laser spectrum of a metallic
reflector vertical cavity GaAs/Al Ga, _As laser emitting at 4 = 879 nm.
The laser is mounted p side up with no special cooling techniques.

emits two longitudinal modes with wavelengihs 4 = 862 and
864 nm. The bimodal emission is due to the smail resonance
mode spacing such that both modes have sufficient gain for
lasing.

The metallic reflector vertical cavity laser has excellent
electrical characteristics due to the low series resistance on
the p side (top) of the structure. The current-voltage charac-
teristic of a 30-zm-diam vertical cavity laser is shown in Fig.
4. The turn-on voltage is ~1.3V, i.e., a few k7" lower than
the GaAs band-gap energy. The voltage drop across the di-
ode at lasing threshold is 1.8 V which is the lowest value
reported for vertical cavity lasers. The differential resistance
at the threshold current is 4.1 (3. A low series resistance is
essential for a large external power efficiency of the laser.
The power efficiency of a laser coincides with the external
quantum efficiency, if the voltage drop at the diode equals
the photon energy, 1.€., Nouwer = Yere - However, if an addi-
tional series resistance R increases the voltage drop across
the laser device, the power efficiency decreases by Mpower

= {9 + RI?/P,, )", wherey,,, isthe external guantum

efficiency and P, is the optical output power of the laser.
Inspection of the equation reveals that a small series resis-
tance R is essential for a high external power efficiency of the
laser. For smaller contact diameters ( ¢ = 15 um) the diode
voltage at lasing threshold remains 1.8 V, that is, indepen-
dent of the contact diameter.

Continucus wave (cw) room-temperature operation of
the metallic reflector vertical cavity laser is achieved for the
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first time with our improved structure. The cw spectrum of a
20 pm-diam contact is shown in Fig. 5. The laser wafer is
bonded with a conductive epoxy on a copper slab and con-
tacted with a probe needle. The p side is up during the cw
operation and the substrate is not thinned. No special cool-
ing technique such as p-side down mounting is required to
ackieve lasing. The cw spectrum is measured with an An-
ritsu optical spectrum analyzer. The resolution of the ana-
lyzer is chosen to be 10 A for improved detection of the
signal. The width of the laser line is resclution limited.

In conclusion, we report on a metallic reflector vertical
cavity injection laser. The laser operates in the continuous
wave mode at 7 = 300 K with threshold currents of 8 mA
{ ¢ = 8 um) and thresheld current densities of 9.5 kA /em?
( ¢ = 18 um). Single longitudinal mode (A4 = 0.1 A) and
bimodal operation are obtained in lasers with short and long
Fabry-Perot étalons, respectively. A low series resistance
(4.1 {%) and a low diode voltage (1.8 V) at lasing threshold
are characteristics of the metallic refiector structure. The
results demonstrate that the metallic reflector structure is a
promising structure for vertical cavity surface-emitting la-
Sers.
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