sity profile should be independent of the size of the heating
“area” for semi-infinite media. Similarly, one should obtain
the same simulated response independent of the choice of the
radius @. In this regard, we note, for example, that the simu-
lated response for 2.44 W, which is shown in Fig. 1, is also
cbtained with @ equal to ; or to .. However, new values
are obtained for B (& + 2%, respectively, with 2 the value
for = w, }. We can eliminate those values of B outside the
timits of experimental error for those values of w greater than
w, or less than o, and get a measure of the usefulness of this
approximation. The measured value of B was determined*
to be 10.7 + 25% K cm?®/J. The values of B obtained by
fitting are within this range (the best fit being obtained with
0= ).

As Fig. 1 iltustrates, it is generally found that the fit to
the actual response is adequate, although there are times
when it is poor, as shown for the case 6f 4.88 W. [t is not clear
yet whether this is due to a nonuniform phosphor coating or
other factors.”” In general, the simulated response is envel-
oped by the experimental response, which indicates that the
temperature dependence of the thermal conductivities
should be included in the comparison.?

We have extended the previous solution'? of the diffu-
sion equation to all times, albeit for a specially considered
two-layer system, and we have illusirated its usefulness by
applying it in the field of solid-state dosimetry. While we
have considered a composite that was heated through the

phosphor layer, the above analysis is readily extended to
such a composite heated through the glass layer. It appears
then that laser heating of practical dosimeter configurations
consisting of phosphor-coated glass are adequately de-
scribed by Eq. (1} above provided only that the glassis a
much better absorber than the phosphor. The idea of using
TL response to solve the diffusion eguation is novel. It is
limited in this instance by experimental error and, because of
the large uncertainty in B, the present method is not a very
sensitive test. Perhaps a better composite system can be
found: one in which the temperature dependence of all the
material parameters is known. Finally, we note, that the ap-
proximation used herein is probably valid for any shape of
the heating “spot.”
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NRC, for many helpful discussions. This work was spon-
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AlGaAs-GaAs and AlGaAs-GaAs-InGaAs vertical cavity surface emitting
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We describe vertical cavity surface emitting lasers of GaAs active regions (0.7 gm thick)

emitting at 0.85 um and of Iny ; Gag, As-GaAs active regions emitting at 0.90 pm. The vertical
cavity is formed using an Al, Ga; _ . As-AlAs quarter-wave stack as the n-type mirror and the
metal Ag as the p-type nirror. The Ag mirror has potential for reduced series resistance,
reduced thermal resistance, and more simplified device processing over other mirror structures
for vertical cavity laser dicdes. Current thresholds for pulsed room-temperature operation as
low as 16 kA/cm? for the GaAs and 51 kA/cm? for the Ing , Gag, As-GaAs devices have been

measured.

There is growing interest in vertical cavity surface emit-
ting ( YCSE) semiconductor lasers'™ because of several ad-
vantages they may offer over the more common edge emit-
ting or lateral cavity surface emitting lasers. In the vertical
cavity laser, quarter-wave stacks of index differing semicon-
ductor layers can be monolithically integrated into the laser
structure providing in some cases both high reflectivity and
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Chiao Tung University, Hsinchu, Taiwan, China.
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good electrical conductivity.*” The short cavity length in-
herent in the VCSE laser can result in stable single-mode
laser operation.

Because of the extremely short gain path in the VCSE
laser, a much smaller active volume is possible as compared
to the lateral cavity lasers. For example, for a 2-um-diam
VCSE laser, dimensions achievable using standard photoli-
thography and sophisticated device processing, for a thresh-
old current density of 10* A/cm® the device would have a
threshold of «0.5 mA. Also, larger symmetrical optical
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emitter apertures should result in improved far field radi-
ation patterns over that of conventional edge emitters. These
properties, improved optical characteristics, method of mir-
ror formation, and the potential for low-threshold oper-
ation, make the VCSE laser very desirable for opto-clec-
tronic integrated circuits, optical fiber interconnects, and
two-dimensional laser arrays.

To date, however, the development of the vertical cavity
faser has been limited by high current thresholds which
place a stringent demand on heat sinking. Continuous-wave
room-temperature operation has only recently been
achieved® using special heat sinking techniques. For mirror
formation in the GaAs-AlAs crystal system, guarter-wave
mirrors of z-type material, which are both highly reflecting
and low resistance, can be epitaxially fabricated. However,
the p-type semiconducting quarter-wave mirror presents
several problems to the VCSE laser in terms of electrical
conductivity, thermal resistance, and device fabrication.

In this communication we present an alternative meth-
od for the p-side mirror formation which utilizes the metal
Ag as both the mirror and p-side electrical contact. The Ag
mirror offers the potential for reduced series resistance, re-
duced thermal resistance, and more simplified device pro-
cessing over a guarter-wave semiconductor lzyered struc-
ture. From optical dataon Ag,” reflectivity 2 0.97 should be
possible for wavelengths of ~0.88 ym. Here we show that
Ag is a snitable reflector for both GaAs-Al, Ga, _ , As sur-
face emitting laser structures emitting at 4 ~0.85 gm and
also  strained-layer Ing, Ga,,As-GaAs-Al Ga,  _As
structures emitting at 4 ~0.90-0.91 pgm. The longer wave-
fength possible with the Iny ; Gag, As-GaAs structures are
of importance because of the transparency of the GaAs sub-
strate at these wavelengths (a; ~10cm ' forn ™ GaAs'®)
which simplifies coupling the device to an optical fiber.

Figure ! illustrates the device structures used in this
study. The crystals have been grown using molecular beam
epitaxy. The first structure comsists of an a-type
(ng ~5x10"7 cm~ ) AlAs-Al,,Ga,,As guarter-wave
stack consisting of 23 pairs followed by an Al,,Cay,As
(ng ~5Xx107cm %) lower confining layer of thickness
~0.5 um, a p-type GaAs active region (a1, ~5X 10" cm
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FIG. 1. Hlustration showing the vertical cavity surface emitting laser utiliz-
ing an n-type Al, Ga, _, As-AlAs quarter-wave stack for the n-type mirror
and Ag for the p-type mirror.
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of thickness ~0.7 um, an Al, ; Ga, ; As upper p-type confin-
inglayer (ny, ~ 35X 10" cm ~?) of thickness ~0.4 um, anda
p GaAs layer (755X 10% cm °) of thickness ~ 0.0f gm
for contacting purpose. The strained layer structure for
longer wavelength is nearly identical except for the n-type
quarter-wave mirror which uses GaAs for the high-index
material as opposed to Al,, Ga,, As, and the active region
which consists of 0.1 m of n-type GaAs followed by 50 pairs
of In,, Gays As quantum wells (QWs) of thickness 80 A
with barrier layers of GaAs of thickness 150 A, alt p-type
(#g. ~107em %), followed by 0.1 gm of p-type GaAs
(#ig, ~ 16'%cm ~ *). The upper and lower Al),Ga,, As con-
fining layers and p ' GaAs contact layer are identical in both
structures. Crosshaich is observed on the wafer with
Ing, Ga,, As QWs indicating some dislocations are present
in the structure’s active region.

Both the p-side mirror and electrical contact are formed
simultaneously by defining a 15- or 30-ugm-diam dot of 0.55-
um-thick Agon the p * GaAs using thermal evaporation and
photoresist lift off. Although the Ag-GaAs mirror forms a
nonalloved contact, the current-voltage characteristics are
found to be gaite lincar above “‘turn-on” (~1.2 V) with
forward series resistances of 10-15 & for the 15-um-diam
contact. The devices are tested in a p-side up configuration
under pulsed current excitation by measuring the character-
istics of the light output emitted around the Ag contact as
shown in Fig, 1. Wenote that although for device operation a
more favorable configuration is with the p-GaAs/Ag side
mounted on a heat sink and a semitransparent mirror on the
n-side as demonstrated by others,”"’ the p-side up configu-
ration allows rapid testing of many devices through the use
of a movable probe.

Figure 2 shows the room-temperature spectral charac-
teristics of the VCSE with a GaAs active region and a 30-
pm-diam Ag mirror/contact. Even at very low currents the
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FIG. 2. Room-temperature spectral characteristics of a vertical cavity sur-
face emitting laser with a 0.7-pum-thick GaAs active region. The diameter of
the Ag mirror/contact is 30 gm.
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measured spontaneous spectrum is shifted to high energies
at A ~0.86 um, suggesting that the lower n-type distributed
Bragg mirror is centered at a slightly shorter than optimum
wavelength. At a pulsed current of 100 mA a lasing mode is
observed in the light spectrum which at only slightly higher
current, 125 mA, dominates the spectrum. The spectral
width of the lasing mode is less than 1 A. Threshold currents
measured on several devices of 30 um diameter typically
ranged from 100-125 mA. Not all the devices tested lased
but instead showed Fabry-Perot modes of 4-5 A width
above certain current levels, which remained comparable in
intensity to the background spontaneous light.

Figure 3 shows the emission spectrum of a 15-um-diam
device fabricated on the wafer with the Ing, Gayo As-GaAs
QW active region. In this case the Iny, Ga,,As QWs shift
the laser emission to 0.91-um wavelength.

Figure 4 shows the light versus current curve measured
for a 15-um device with the In, , Ga,, As-GaAs QW active
region. The threshold current can beseentobe ~ %0 mA, ora
current density of ~51 kA/cm?. Threshold current densi-
ties of 30 pm devices are typically between 400-450 mA.

As mentioned earlier, compared to semiconductor
quarter-wave stacks for the p mirror,'! the Ag mirror offers
many advantages. The p-type quarter-wave layers of
Al Ga,_  As-A)l Ga,__Asforx ~0and x' ~1 can con-
tribute significant series resistance to the VCSE laser, an
effect apparently related to the p-type heterojunctions. At
the same time a major contribution to the device’s thermal
resistance is again the p-type confining layers. The increased
electrical resistance means increased heat generation while
the increased thermal resistance of the p-type layers impedes
heat fiow out of the crystal. Although less severe, other
forms of nonconducting p-type mirrors also imit the p-type
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FIG. 3. Room-temperature spectral characteristics of a vertical cavity sur-
face emitting laser with an active region of 50 quantum wells of
Eng | Gag o As separated by GaAs barriers. The diameter of the Ag mirror/
contact is 15 um.
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FIG. 4. Room-temperature light vs carrent characteristics of 2 1 S-um-diam
Ing | Gag s As-GaAs vertical cavity surface emitting laser under pulsed cur-
rent excitation.

confining layer thickness since they must rely on current
spreading under the mirror to excite the active region.® This
thickness limitation of the p-type confining layer is greatly
reduced with the Ag mirror, while the Ag also provides ex-
cellent thermal conductivity.

In summary, we have shown that the metal Ag can form
a suitable mirror for VCSE lasers. Using a semiconductor
guarter-wave stack for the n-type mirror and a 0.55-um-
thick Aglayer for the p-type mirror, threshold current densi-
ties of ~ 16 kA/cm?® have been achieved. The Ag mirror is
expected to offer advantages in heat sinking through reduc-
tion of the upper p-type confining layer thickness, and also
simplify device fabrication for more complex smaller diame-
ter VCSE lager structures. We have also demonstrated
VCSE laser with In, , Ga, , As QW active regions emitting at
Ay ~0.90 gm. This longer wavelength is of special interest
because of the transparency of the GaAs substrate.

The authors are grateful to C. K. N. Patel for stimulat-
ing discussions involving surface emitting lasers, and to G.
Zydzig and T. Kyle for technical assistance during the
course of this work.
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