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Semiiransparent thin silver films are emploved as both the top mirrers and electrodes for
GaAs vertical-cavity surface-emitting lasers. The semitransparent silver films allow the
emission of light from the top epitaxial side. Quarter-wave AlAs/Al,Ga; _,As stacks are
used as the bottom n-type mirrors. Light output versus excitation current measurements
vields an efficiency of 0.76 mW/mA from the top silver mirror side, which corresponds to an
external differential guantom efficiency of 54% at a lasing wavelength of .88 pm. The
internal differential quantum efficiency is estimated to be > 94%. An optical cutput power of
16 mW is obtained at a pulsed excitation current of 72 mA.

Vertical-cavity surface-emitting lasers (VCSELg)!
have a promising future in (i) high-density laser arrays,
where two million VCSELs per cm’ were reported,z (i)
high data transmission rate in optical communication
systems,” and (i) possibly ultrafast parailel processings in
optical computing.* In addition, VCSELSs could be used for
high-speed and high-data transmission between electronic
chips.

VCSELs feature light emission along the film growth
direction, which is parallel to the direction of the injection
current. Due to this feature, the mirror and electrical con-
tact physically occupy the same side of the laser structure,
i.e., either on the top or the bottom of the sample. As a
result, the design of the mirror/electrode is more compli-
cated as compared to horizontal cavity lasers. The advan-
tages of metallic mirrors are multifold. They offer iow se-
ries resistance, high thermal conductance, 2 simplified
processing procedure, a planar structure, and serve as an
ohmic contact. Silver is chosen as the metallic mirror/
contact because of its low electrical resistivity (~2X107°
Gcem at 300 K), good thermal conductivity (~4
Woem ™ K1 at 300 K),® and high reflectivity at wave-
lengths around 0.87 pm,® which corresponds to the band-
gap energy of the laser active material GaAs. Continuous-
wave operation at room temperature was reported by
Schubert ef al. for thicker silver fitms.”

The Al Gz, _ .As/GaAs laser structures are grown in
a Varian Gen II molecular beam epitaxy (MBE) system.
Heavily doped n ™ -type {001} oriented GaAs wafers are
used as the substrates. The active region is 0.6 gm lightly
doped p~-GaAs with 0.5 um p ¥ -Aly;Gay 0As on its top
and 3 pm n 7T -Aly,0Gagohs at its bottom as confining
layers. A thin, heavily doped p " -Aly ¢Gageohs layer is
deposited on the very top to facilitate the chmic contact.
The bottom mirror consists of 22.5 pairs of a quarter-wave
AlAs/AlgsGagosAs (730 A/600 A) multilayer distrib-
uted Bragg reflector (DBR). The laser structure was de-
scribed in detail in a previous publication.” Transmission
electron microscopy (TEM) micrographs of the laser
structure are shown in Fig. 1. Figure 1{a) is the overall
laser structure. The uniformity of the GaAs active region
and the interface sharpness of the bottom mirror structure
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are clearly shown in Figs. 1(b) and 1(c), respectively. No
graded interfaces are employed in the bottom mirror struc-
ture, though stress could remain in the interfaces as indi-
cated in Fig. i (c). The reflectivity of the DBR structure is
checked with a Perkin-Elmer Lambda 9 Spectrophotome-
ter. The reflectivity spectrum shows a broad, high-
reflectivity band centered at ~0.87 pm with a
reflectivity > 99%, which matches a calculated reflectivity
curve very well. The MBE-grown laser samples are then
transferred to a separate high vacuum chamber, where Ag
layers with various thicknesses from 300 to 2000 A are
deposited. Standard photolithographic techniques are em-
ployed 1o define circular Ag dots with diameters of 10 and
20 pm. A solution of 3HNQO;:4H,0 is used to etch the
unwanted Ag regions, which leaves a clean, smooth
Al Ga, _ ,As surface. The final step is to bond the sub-
strate side of the sample on a copper slab with a conductive
epoxy. The copper slab serves as a simple, reliable heat
sink. Fasers are electrically pumped using a fine probe, and
the electroluminescence (EL) spectra are analyzed by a
SPEX 1702/04 spectrometer and a GaAs photomultiplier.
The light output power of the laser is measured with an

(a) (e}

FIG. . {(a) Overall TEM laser structure, {b) GaAs active region, and
(¢} bottom mirror structure. Some TEM processing residue is left on the
very top of the sample.
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FIG. 2. EL spectra for a 20 um 450-A-thick Ag spot (a) below, and (b)
sbove threshold, which is 40 mA.

ANDO AQ-1125 optical power meter calibrated at 0.83
um. Current-voltage characteristics are checked routinely
with a Sony/Tektronix 370 programmable curve tracer.
The threshold voltage of the laser diode is ~ 1.3 V which is
close to the energy band gap of GaAs gain medium (~ 1.4
eV at room temperature}. Above the threshold voltage, the
current maintains a2 linear relation with the forward bias,
which gives a differential resistance ~4 (& for a 20 ym
device, indicating that the nonalloyed Ag contact is
ohmic.” All the measurements are done at room tempera-
ture, and no special cooling technigues are employed, such
as p-side down mounting or substrate thinning.

EL spectra of the VCSEL with a 20-um-diam Ag spot
are shown in Fig. 2. The thickness of the Ag is 450 A.
Figure 2(a) is below lasing threshold. The spectrum is
characterized by clear Fabry—Perot (FP} modes. The full
width at half maximum (FWHM) of the FP modes is 7.4
A. Figure 2(b) shows the lasing spectrum above threshold.
The width of the lasing peak is 0.1 A, which is limited by
the resolution of the spectrometer. The separation between
the FP modes is ~206 A, which is in good agreement with
the nominal FP cavity length of 4.2 gm. The broad peaks,
which have the same peak-tc-peak distance as that of the
much sharper FP modes, are believed due to the sponta-
neous emission light emitted from the side of the Ag spot.
The FWHM of the FP modes for different Ag thicknesses
is shown in Fig. 3(a). The peak widths become larger for
thinner Ag mirrors. From the finesses of the FP modes,
reflectivities for Ag mirrors with different thicknesses are
estimated as shown in Fig. 3(b).} The reflectivity of the
bottom mirror is chosen to be 1 in the caiculations. The
reflectivity decreases sharply when the Ag thickness is less
than ~400 A. From the FWHM of the broad peak (sece
Fig. 2), a reflectivity of ~40% is obtained, which is com-
parable to the refiectivity between GaAs and air. For 2000-

2046 Appl. Phys. Lett., Vol. 57, No. 20, 12 November 1980

whnloaded. stribution.sub

100 — T T T T T 18.e
——) =
- 114.4 -z
> s S
E 9O VCSEL 08 Q
= T-20°C o
= Ag MIRRORS [
w |
5oest ; 72 O
[V
L \l(a) —n =
@ I
h 2
80 - 36 U
75t ‘ i L L L oo
0 400 800 200 1600 2000 2400

Ag THICKNESS (A)

FIG. 3. (a) Measured FWHM of the FP modes the thickness of the Ag
mirrors and (b) the calculated reflectivities vs the thickness of the Ag
mirrors. Reflectivity of 2000 A Ag is calculated from the optical constamnts
of Ag.

A-thick Ag mirrors, only broad peaks are seen, and no
sharp FP modes are observed. The reflectivity at 2000 A
Ag thickness shown in Fig. 3(b) is obtained from calcula-
tion using the optical data of Ag.® Lasing threshold cur-
rents under pulsed operation versus the thicknesses of Ag
mirrers are shown in Fig. 4. The diameter of the Ag mir-
rors is 20 pm. The lasing threshold current increases as the
Ag mirror thickness decreases. This can be qualitatively
explained by the decrease of the reflectivities with decreas-
ing Ag thicknesses fsee Fig. 3(b}].
The light output from the top Ag mirror versus pulsed
excitation current is shown in Fig. 5. The Ag mirror has a
iameter of 10 um, and is 400 A thick, with 0.1 MHz, 100
ns injection current pulses applied to the laser diode. In the
stimulated emission regime, the cutput power depends lin-
early on the excitation current. No power saturation is
observed up to the peak powers shown. An optical power
of 10 mW is achieved at an excitation current of 72 mA
with an operating voltage of ~2.5 V. VCSELs with 300 A,
20 pm Ag mostly have external differential quantum effi-
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FIG. 4. Lasing threshold currents thicknesses of Ag mirrors. The Ag
contact has a diameter of 20 pgm.
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FIG. 5. Light output vs pumping current with a 10-um-diam, 400-A-
thick Ag spot. The excitation current is 0.1 MHe, 100 ns pulses.

ciencies of 40-50%. Figure 6 is the light output result for
a 20 pm, 300 A Ag spot under 0.1 kHz, 60 ns excitation
pulses. The slope near the lasing threshold is 0.76 mW/
mA, which yields an external differential quantum effi-
ciency of 54% at a lasing wavelength of 0.88 um. The
operating voltage at 4 mW is ~2.2 V. Note that an exter-
nal differential quantum efficiency of 15% in Fig. 5 is con-
siderably lower than that in Fig. 6. It is mainly due te (i)
the thicker Ag thickness, i.e., larger absorption, and (ii)
the smaller Ag diameter, i.e., larger diffraction loss.
Many reasons could resirain the value of the external
guantum efficiency, such as current spreading due to the
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FIG. 6. Light output vs excitation current of 0.1 kHz, 60 ns Pulses. The
Ag mirror has a diameter of 20 um, and a thickness of 300 A.
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planar nature of the structure, diffraction loss due to the
finite size of the mirror, and the absorption due to Ag films.
A first-order estimation of the reduction of the external
differential quantum efficiency due to the Ag mirror ab-
sorption is done on a reflectivity/transmission measure-
ment of a 400 A Ag film grown on guartz. The measure-
ment reveals that the light intensity transmitted through
the 400 A Ag film approximately equals that absorbed by
the Ag film. By maultiplying an absorption factor
exp( — a,t}, which is about 2 for ¢ = 400 A, to the inter-
nal differential quantum efficiency in the expression relat-
ing the external and internal differential guantum effi-
ciency,! an internal differential quantum efficiency of
>94% is estimated from the light ouiput power curve
shown in Fig. 6.

In conclusion, semitransparent Ag contacts are used in
our VCSEL structure. This structure allows light output
from the Ag side in a planar configuration. A Ag mirror
with a thickness of 300 A gives a light output efficiency of
0.76 mW/mA. A high external differential quantum effi-
ciency of 54%, and an internal value of >94% are ob-
tained. A VCSEL with a 400 A Ag mirror has a light
output of 10 mW at a pulsed excitation current of 72 mA.
No special cooling is employed. This demonstrates that a
suitable metallic reflector such as Ag can play two impor-
tant roles well in VCSEL, i.e., as an electrode and a mirror,
in addition to the other advantages, like high electrical
conductivity and low thermal resistance. To lower thresh-
old carrent densities and achieve continuous-wave opera-
tion at room temperature, increased top mirror reflectivity
is required, like using the metal/semiconductor hybrid
mirror.
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