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ROOM-TEMPERATURE~OPERATION VISIBLE-EMISSION
SEMICONDUCTOR DIODE LASERS

by

"I, Ladany, H, Kressel, and C. J. Nuese

RCA Laboratories
Princeton, New Jersey 08540

SUMMARY

Two main approaches have been taken in a program aimed at develop-
ing shorter wavelength semiconductor lasers. In the first, based on
(AlGa)As and liquid-phase epitaxy, significant new results have been ob-
tained. Important reductions in threshold current density (a factor of
at least 2 lower than previously reported) were obtained down to 7240 R,
and room teémperature cw operation was achieved for the first time at
7400 R, a wavelength in the convenient viewing range. Properties of
. these laser diodes including power output, spectra, and beam patterns
are reported., Materials considerations, laser theory, and growth prob-
lems are discussed, and Hall data and PL measurements for high Al con-
taining layers are reported. The design of (AlGa)As layers is discussed
from the vertical point of view (i.e., the requirements imposed on cavity
dimensions, Al content of the layers, etc.), and various design curves
are given., Horizontal structural requirements, principally the effect
of edge leakage on the stripe threshold current, are also discussed.
Experimental results obtained from measurements performed as a function
of hydrostatic pressure are correlated with other results.,

In the second approach, the first heterojunction laser structures
using GaAsl_xPx and InyGal_yP at compositions where the lattice con-
stants are matched were grown using vapor-phase growth technology. The
compositions for lattice matching are given, and the vapor phase process
used is described in detail, including experimental device results.

Threshold current densities in the range of 3000 to 5000 A/cm2 and



emission wavelengths from 6520 R to 6640 R have been obtained at 77 K.
However, optical confinement was effective up to at least 273 K, as the
threshold current density increased by no more than a factor of 10 in
raising the.temperature to that value from 77 K. The limiting factor
in these devices is deduced to be nonradiative recombination at the
heterojunctions.

Life tests on (AlGa)As cw diodes are reported, and the effect of
facet coating discussed. Coated units have accumulated 10,000 hours of
continuous operation, and uncoated lasers have passed 14,000 hours with

some increase in threshold current due to facet erosion.



I. INTRODUCTION

The present program was addressed to the development of shorter-
wavelength room-temperature lasers than previously available, with the
requirement of a reasonable operating life so that practical applications
of these devices could be made. As the reduction in the wavelength
generally implies an increase in the threshold current density, efforts
were made to reduce the current requirement of stripe lasers by materials
improvement and technological developments,

Need for shorter-wavelength lasers generally falls into two cate-
gories: (1) If the visibility is increased, various applications de-
pending on the eye response become possible, and (2) the shorter
wavelength leads to improved high-speed film data encoding, and other
instrumental applications requiring well-focused, high-intensity spots,

a task eased by reducing the wavelength.

The work done in the course of this program has led to several
important advances. The lowest recorded threshold current densities
were obtained in the 7000- to SOOO-R-spectral range and cw operation was
obtained at room temperature for the first time at 7400 2, with the
emission of several milliwatts of power. These advances were made pos-
ble by improved growth procedures using liquid-phase epitaxy, and im-
proved understanding concerning the role of dopants, and their incor-
poration in (AlGa)As. In addition, experiments were begun in producing
heterojunction structires by vapor-phase epitaxy using the GaAsP/InGaP
lattice matched combinations. Lasing was obtained with these structures,

although not yet at room temperature.




IT. (AlGa)As LASERS

A. Introduction

For a given power output, the visibility of devices in the 7000~ to

8000-8 range is a steep function of the emission wavelength, as shown in

Fig. 1. Thus, great increases in visibility can be achieved from even
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Figure 1, Relative visibility of devices emitting at
various wavelengths with constant beam width,
source size, and power emission,

modest shifts in wavelength toward 7000 2. This section covers design

aspects, materials considerations, and major experimental results obtained



from our efforts to shift the emission wavelength while maintaining room-
temperature operating conditions, and includes discussions of our record-

low Jth values and our short-wavelength room-temperature laser diode.

B. Materials Growth and Properties

Procedures used in growing the layers were generally those described
in the previous report (Ref. 1). However, the high aluminum content of
the confining layers caused problems in the use of tin and germanium
dopants which are preferred in the case of infrared emitting lasers.
Better results were obtained using Te as the n-type dopant and zinc as
the p-type dopant. In the case of tin we attribute our difficulties to
the very low segregation coefficient, requiring tin concentrations in
the melt which may interfere with the uniform growth of (AlGa)As layers.
The use of germanium as the p-dopant in high aluminum layers leads to
more serious difficulties. To study this problem, several layers of
(AlGa)As were grown under conditions similar to those prevailing during
laser material growth.

The substrates for these runs were chromium-doped GaAs samples, and
great care was taken to avoid contaminating the grown layer with chromium
from dissolved portions of the substrate. As a consequence, the interface
between the substrate and the grown layer was not always planar, making
the thickness of the layer somewhat variable. Measurements were made at
room temperature, using the Van der Pauw method, by alloying gold-zinc
contacts into four corners of rectangular samples, The aluminum content
of the layers was determined by electron microprobe, and the layers were
also studied by photoluminescence. Carrier concentration and mobility
values are given in Fig. 2, together with published data for lower x
values, It can be seen that with increasing aluminum content in the
grown layer, the mobility and carrier concentrations of the doped layers
decrease and, consequently, the resistivity increases. With zinc as the

p—dopant, the mobility is about that of p-type GaAs, and the resistivity
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Figure 2., Carrier concentration and mobility as a function of
x, the mole fraction of Al in AlyGaj-xAs., The dopant
concentration in the melt was 0.64 At. % for Ge and
0.7 At. % for the single Zn sample.

drops by almost a factor of 100 for roughly the same zinc concentration
in the melt. It is clear that zinc-~doped high aluminum layers will have
a significantly lower resistance, and thus contribute to improved cw

operation,



A convenient way of studying the structural perfection of the layers
is to bevel them to a small angle, typically 1 deg. When such a beveled
edge is stained and photographed under a modest magnification, one obtains
a greatly expanded picture of the structure in a direction normal to the
layers, and a relatively compressed picture in a direction along the in-
terfaces. Thus, fairly long regions of the wafer can be examined in
detail., Figures 3 and 4 show such photomicrographs, where the magnifica-
tion is "5400X in one direction, and 95X in the other. The excellent

Figure 3, Photomicrograph of beveled and stained DH
structure. The magnification along the
layers is 95X and normal to the layers,
5400X.

planarity of the layers and interfaces in Fig. 3 can be contrasted to

that shown in Fig. 4, which was obtained from a high threshold wafer where



Figure 4. Photomicrograph of beveled and stained high-
threshold DH laser structure. Magnification
is the same as in Fig. 3.

a disturbance in the growth resulted in the staircase appearance of the
recombination layer. It is tempting to associate the surface contour
lines with these steps, but as shown in Fig. 3 this is not always the
case. A disturbance of the magnitude shown in Fig. 4 always increases
the threshold, but smaller fluctuations, contrary to expectations, do not
correlate with increases in threshold current density.

The aluminum concentrations in the relevant regions of the laser were
determined by electron microprobe analysis, except for the recombination
region which is too thin for this measurement and where the aluminum con-
centration was estimated from the emission wavelength.

Figure 5 shows the dependence of the bandgap energy as experimentally
determined by electron microprobe measurements and photoluminescence as a
function of aluminum concentration. The X minima (six equivalent valleys)
are AE = 0.38 eV (Ref. 2) above the I minimum of 1.424 eV, The experi-

mental data for the T minimum follows the expression

By = 1.424 + 1.266x + 0.266x° (1)
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Figure 5. Bandgap energy of Al,Gaj._yAs as determined by microprobe

measurements and photoluminescence.



in agreement with electroreflectance data (Ref. 3).

The lasing photon energy in undoped GaAs is 20 to 30 meV below the
bandgap energy (Ref., 4). Assuming that this relationship holds (as it
should since the lower lasing photon energy is due to the injected plasma

effect), then using a value of Eg = hv = 30 meV,

hv, = 1.394 + 1,266x + 0.266x> (2)

which is plotted in Fig. 6.

The refractive index values used to determine the mode-guiding prop-
erties of the lasers can be deduced from the plot shown in Fig. 7. The
values plotted are the refractive index at about 0.9 um as determined by
direct measurement (Ref. 5) and as deduced from the mode-guiding proper—
ties of heterojunction laser diodes with GaAs in the recombination region
(Ref. 6). At the lasing wavelength, the refractive index remains at 3.59
to 3.60 throughout the direct bandgap region of (AlGa)As (Ref. 5). There-
fore, the refractive index step An of lasers with differing aluminum con-
centrations Ax in the recombination region can be quite well approximated

by assuming that

An ¥ 0.6240% (3)

Note, however, that differing free carrier concentrations on the two
sides of the heterojunction boundary affect the refractive index step,
although this effect is small (An § 0.1) under likely circumstances.

The effective ionization energy of germanium in the high aluminum
concentration range of the alloy was determined by photoluminescence and
compared with values obtained using zinc. Figure 8 shows the photolumi-
nescence spectrum of A1.47Ga'53As Zn-doped sample and of a Ge-doped
Al 485,52

acceptor, with the bandgap luminescence not being observable (a common

As sample., The emission peak in both samples is due to the
feature in indirect bandgap materials). The bandgap energy at 77 K for

this material is estimated to be 2.05 eV, and the peak of the Zn-doped
sample is 0,08 eV below Eg’ while for the Ge-~doped sample the peak is

10
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Ref. 5.
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0,2 eV below Eg’ reflecting the much larger ionization energy of
germanium. Figure 9 shows the present data added to our earlier measure-
ments, which were limited to lower aluminum concentrations (x 5 0.4). 1t
is clear that the "effective" ionization energy of the germanium acceptor
increases with aluminum concentration, particularly in the vicinity of

the direct-to-indirect bandgap crossover composition at x ~ 0,37.
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Figure 9., Ionization energy of Ge in (AlGa)As as a function
of Al and of Zn at Al 47Ga 53As.
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C.  Laser Design Considerations

1. Vertical Laser Structure. — The dependence of Jth on cavity dimen-

sions and refractive index step may be calculated, knowing the relation-
ship between the gain coefficient of the recombination region and the
diode current density. For undoped GaAs, the gain coefficient in the
range 30 to 100 cm.-l is approximated by the theoretical relation (Ref. 7)

&= B(Jnom - J1> “
where
_ J
Jnom a ni d (5)

and Jl and B are temperature~dependent quantities. At 300 K, B = 0.044
cn/A and J, = 4100 A/cm’.
The gain coefficient 8:h of the recombination region at threshold is

deduced from the lasing condition.

I‘(gth - afc) =0_4 + (1 - P)aou (6)

e t

Here, I' is the fraction of the propagating power that lies within the
recombination region. % nd is the Fabry-Perot cavity-end loss, ae. is
the free carrier absorption coefficient within the recombination region,
and aout is the absorption coefficient in the (AlGa)As bounding regions
(assumed equal for the n- and p-type regions). Equal wave spreading into

each of the two bounding regions is also assumed. From Eq. (6), we obtain

= %-a + (=0 ] + o 7N

gth end T out fc

Rewriting Eq. (7) in terms of 8¢h and Jth’

_d (Bt
Ten = w7 <_e' * J1> &

15



To calculate Jth we need to determine Bih and I', Considering first
8ih? the determination of I' is from Fig. 10%; the cavity-end loss is
determined from the measured laser diode length L; the absorption co-
efficient values involve some uncertainty since they must be deduced
indirectly. A value of 10 cm_1 is experimentally justified for ac.
(Ref, 8). The absorption coefficient outside of the recombination re-

gion, estimated from the doping level in the n- and p~type (AlGa)As

bounding layers, is ®ut 10 cm_1 at room temperature., Therefore,
=1(y 1 . wi - - -1
8eh™ T <L1n§-+ 10), with L = 500 um, Bin™ 33/T cm ~.

Hence, from Eq. (8)

-4 (33
Jen = n, (rs + J1> %)

The theoretical dependence of Jt on d in GaAs (for an assumed ni

value) for a given heterojunction bar:ier height can now be calculated
since all of the needed parameters have been established. Figure 11
shows the calculated curves from Eq. (9) for several values of An. For
large d values (approaching 1 um) the theoretical curve yields

Jth/d = 4846 A/cmzum. For small d values, the minimum Jth value is
achieved at differing d values for various An., With An = 0.4, the lowest
Jth = 475 A/cm2 is calculated at d = 0.06 ym, and has, in fact, been
achieved in GaAs/AlO.6GaO.4As DH lasers with d z 0.1 um (Ref. 9). For
smaller An values, the minimum calculated Jth is increased and occurs at
larger d values because the radiation confinement decreases with de-~
creasing d, leading to large increases in the required recombination
region gain coefficient at threshold. The experimental points in

Fig. 11 were obtained from lasers where x = 0.1 in the recombination

region and are in approximate agreement with calculations.

*J, K., Butler, unpublished work.
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With other parameters constant, as a first-order approximation, the
change in threshold current density with aluminum concentration in the
recombination region can be predicted by simply assuming that the internal
quantum efficiency is changing. This neglects the change in the Jnom
vs g relationship with aluminum content due to changing bandshape (as
reflected, for example, in the increase in the carrier effective mass,
see below).

In the simplest approximation appropriate to spontaneous emission
when the carrier population is nondegenerate, the ratio of the carriers
in the X minima, NX’ r? is determined by the
ratio of the density of states and the energy difference AE between the

to those in the T minimum, N
I' and X minima. The internal quantum efficiency is then defined by

n.
i 1
= (10)
ni(GaAs) 1+ NX/NI'

where it is assumed that the carriers in the X minima make a negligible
contribution to the relevant radiative processes.

When the electron population is degenerate, as appropriate under
lasing conditions, then the shift of the quasi~Fermi level into the
conduction band must be considered in determining the distribution of the
injected carriers between the I' and the six equivalent X minima. The
carrier population is related to Fermi level by the integral of the
product of density of states and of the Fermi-Dirac distribution function.
Assuming parabolic bands, we obtain for the population in the T minimum
(Ref. 10)

d g/ %am

_ 21/ %\ 3/2
Np = 6.55 x 10 Gﬁﬂ) Jr T + exp [(E-E)/KT] L)
0

For the electron population in the X minima located AE above the T

minimum, e 1/2
21/ * 3/2J{ (E-AE) ! “dE
N, = 6 x 6.55 x 10
X x X (icx> 1T + exp [(B-E,)/KT] (12)
AE
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The following values for effective masses and separation between the

direct and indirect valleys have been quoted for Aleal—xAS (Ref. 11)

m:P = 0.0636 + 0.0552x + 0.0092x>
*
wh, = 0.39 (1-x) + 0.37x
*
m (Alas) = 0.85 (13)

Using AE (GaAs) = 0.38 and Eq. (1) for EgP’ we obtain

AE(x) = 0.38 - 0.892x - 0.365x° (14)

Figure 12 shows the calculated internal quantum efficiency.* If we
assume that the carrier population in the I minimum remains at 1,5 x
1018 c.m._3 irrespective of the aluminum concentration and that the radia-
tion and carrier confinement remain constant, as does the absorption

coefficient, then Jth increases theoretically with aluminum content

Jth(GaAs)

Jth(x) = '—n:—(ﬁ— (15)

where ni(x) is the internal quantum efficiency plotted in Fig. 12.

(Ref. 1), one essential requirement for good diode life is to isolate
regions of high current density from exposed edges. The simplest way
of doing that is to use some form of stripe geometry, wherein the cur-
rent is restricted to a central region of the diode, so that the lateral

active diode edges are not exposed.

*We are indebted to R. Sunshine for the computer calculations.

20



T T T Rook T

=

'p- = Alx GO]-,‘ AS -
> 1.0 UNDOPED MATERIAL
o Np =15 x 10/8em=3 —
wo L 7 ()= (14 DX )7

L 08f- : —
wl

§ -
— O6f . —
2 EQX'Egr‘

< - -
D

3 |

_, 04 -
<

b4 = -
w3 |

*Z- 02— —

o) i | 1 N |
(0] o1 0.2 0.3 04
Al FRACTION, x

L 1 A g 1 1 i
085 080 077 074 072 0.69

LASING WAVELENGTH (gm)
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Most of the stripe configurations used so far lead to an increase
in threshold current density over that obtained for the same material
in broad-area form. This arises mainly because the desire to reduce the

operating current implies a corresponding reduction in the stripe width.
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Associated with the width reduction, however, there arise a number of
loss mechanisms which serve to increase the threshold current density.
Thus, various stripe configurations have to be carefully evaluated as
regards their effect on operating current density, because the current
density controls the degradation mechanism limiting the diode life,
One of the most important factors limiting the performance of planar

stripe lasers is the current spreading beyond the edge of the stripe.
(There are other factors which influence the stripe threshold, but we

shall neglect them in this analysis.) As shown in Fig. 13, this lateral

/ \ LEAKAGE CURRENT
T~ — OXIDE
7///////{// K/////r\/////////' SOLATION
L — Y1 AN
JUNCTION
Yvvvy

Figure 13. Leakage current at edges of stripe laser,

current flow widens the emission beyond the area under the stripe, and
increases the threshold current density beyond that obtained for the
same material when it is fabricated into a wide unit. Following sev-
eral published analyses [e.g., (Ref. 12)] the lateral current flow can

be obtained from the following differential equation:
30 _ 0 (16)
2
oy
where y is a normalized distance and ¢ is a normalized potential. The

solution of this equation, with the appropriate boundary conditions,
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can be shown to yield the following expression for the extra current
£1 Arydnesy harrmn A +ha at+rdnn adoos (Far a Adado AF ymd+ Tanmatrhle
LLUW-LL'.E uc]uu.u (S ¥4 DLLLPG GUBCD \J-UJ. G ALV A\ N AL W LCLLEI—III -
2J
I=2 - (17)
de

where J_ is the broad-area threshold current density, RS is the sheet
resistivity of the layers between the contact and the p-n junction, and
o = q/nkT with n o 2. If W is the stripe width, then the total current
through a stripe diode of unit length, at threshold, will be given by

23
Istripe =J_ W+ 2 E;E (18)
and the ratio of J . to J_, or the increase in threshold current
stripe ©
density, by
JstriEe 2 2
< =l+=e4lzg—5 (19)
‘JOO w ‘L\.Su.doo

In estimating the importance of this effect, the key parameter is
Rs’ the average sheet resistivity of the top layers. While estimates of
this quantity can be made from the known melt compositions, and the
measured layer thicknesses, we outline a measurement procedure which
yields this value directly. As shown in Fig., 14, we take a strip of
material, containing a series of stripes (which would normally be
processed into diodes by separating between the stripes), and remove
the metallization bridging one stripe with the next. The separation of
the strips and the width of the strips are both large compared with the
thickness of the layers, so that we can safely neglect the complica-

tions of nonuniform current flow near the electrodes. If we apply a
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current I between two outer electrodes and measure a voltage V between

two inner electrodes, then it is easily shown that

V_b 1
R=yv=7 |31 (20)

where H is the length of the electrodes, b is their separation, and

‘s . th
di’pi are thickness and resistivity of the 1t layer.

In the case of a single layer with resistivity p and thickness d,

we have

SRS

which defines the sheet resistivity RS.

In the present case, using Eq. (20), the combined sheet resistivity

RS is given by

PP

172 H

R = ————— =R+ (22)
s pzdl + pld2 b

It is now convenient to use the measured values of RS in Eq. (19) to
compare calculated and experimental thresholds., Figure 15 shows ex-

perimental data on a number of units together with a plot of Eq. (19)
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wafers. A plot of Eq. (19) with W= 13 pm and
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with Jw = 2000 A/cmz. Some of the RS values were measured, and some
calculated from Eq. (22). There is a great deal of scatter, most likely
because of uncertainties in the data due to sample-to-sample variations
in the threshold currents. Equation (19) is not too useful as it
stands, but it indicates the trend of the experimental values. It can
be noted that a JS/JO° ratio as low as 1.45 was obtained in one case,
indicating an extremely low leakage current,

To reduce the resistance of the p-contact, zinc diffusions have
been performed after the oxide isolation has been applied. The main
problem in these zinc diffusions seems to be the need to prevent the
zinc from penetrating too far into the p~wall region.

We have begun the investigation of another scheme for reducing the
threshold current, called the "inverted stripe'" configuration, in which
the current constriction is grown into the device rather than being
applied externally. Considerable problems were encountered due to

crystallographic effects, one of which is the tendency of the etch to
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undercut the sides of the depression. This work is presently at a very

early stage.

D. Experimental Laser Results

To obtain the lowest possible Jt in the visible portion of the

h
spectrum, the lasers were fabricated with d ~ 0.1 ym and the highest
aluminum fraction (y i 0.6) which could be conveniently accommodated
in the bounding regions. Thus, the aluminum difference y - x
between the recombination region and the outer two regions of the

As/Al Ga, As DH lasers decreased with x. The
l-y x  1-x 19 -3
p-type Al 6Ga 4As region was highly doped with Zn (V1077 cm ~), while

* * 18 -3
62,4

As region was Te-doped (1-2 x 107 cm ~). The
recombination region was not deliberately doped. The distance between

symmetrical AlyGa
the n-type Al
the active region and the heat sink is N2 ym and is divided between a

l1-um-thick Al 6Ga 4As:Zn layer and a GaAs:Zn (’\41019

facilitate ohmic contact as shown in Fig. 16.

-3 .
cm ) cap regiom to

METAL 7
GaAs SUBSTRATE I
|-2p.m}_L AtgGag As:Te (n) ;_L
) Aly Go;.x As (UNDOPED) ] d=0lum
~Ip.mr‘ Alg Gag As - Zn (p) )T
~lpmy GaAs: Zn (p) Si0p
METAL
INDIUM
- SOLDER
Cu HEAT SINK \

Figure 16. Cross section (not to scale) of low-threshold
laser diodes with x ~ 0.2.
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The use of zinc (with its high vapor pressure) entails potential
problems of cross-contamination of the solutions within the multiple-
bin boat used for the liquid-phase epitaxial growth. The fabrication
of the shortest~wavelength visible lasers was made possible by the use
of an unusually high growth rate (2.5 um/min), which minimizes the
cross~contamination problem. Thus, the devices were grown under condi-
tions which can be considered to be nonequilibrium. A starting tem-
perature of approximately 900°C was selected because of the perfect
lattice match between AlAs and GaAs at that temperature (Ref. 13).

The lasers were measured under pulsed operation in the form of
conventional broad-area structures (100 um x 500 um). For cw operation,

stripe—~contact structures using Si0, isolation were made with 13-pm~-wide

stripes. These were mounted p-sidezdown on a copper header and
measured at a heat sink temperature of 20°C. In some cases selective
zinc diffusion was performed to improve the ohmicc contact as described
in Section III.A.

Table I lists the lowest threshold current density values achieved

in pulsed operation of the broad-area devices using the fast-cool growth

TABLE I. LASER DATA (300 K)

A
Wavel%ngth Jth Next
&) (a/cm?) (%)

8800 . 800 35

7760 800 35

7690 900 24 .

7530 1140 14

7400 1300 24

7240 2230 14

6900 30,000 3

*Broad~area diodes, 100 um x 500 um; pulsed
operation: 100-ns pulse length, l-kHz rate;
two-sided emission.
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process. As shown in the table for AL = 7240 - 8000 R, these values

are at least half those previously reported at similar wavelengths (Refs.
14-17) and are in the range where cw operation is feasible (thermal
device properties permitting). In our experiments, cw room—temperature
operation was limited to lasers with AL > 7400 R because of the rela-
tively high thermal resistance of the shorter wavelength devices. This
represents the shortest cw lasing wavelength reported to date for a

laser diode at room temperature.

The performance characteristics of a typical cw laser emitting at
about 7400 & is shown in Fig. 17. Figure 17(a) shows the curve of power
emitted vs direct current (one-sided emission). The curve is limited
to 12 mW, although power values as high as 25 mW have been obtained.
These, however, are in the range where facet damage may occur (Appendix
A). The threshold current of this device was 400 mA, a value reflecting
the fact that lateral current spreading is significant due to the high
conductivity of the p-type layers of this wafer between the active region
and the surface. Near-field observations show that the effective laser
emitting region is 40 um wide; (the cw threshold current density is
n2600 A/cm2 while the broad—area Jth = 1300 A/cmz). In Fig. 17(b) we
show the spectral emission at 450 mA where the power emitted is 6 mW,

The spectral lines are limited to a few longitudinal modes. The far-field
pattern of this laser (with d = 0.08 um) is shown in Fig. 17(c) in the
direction perpendicular to the junction plane. The beam width of 52 deg
is comsistent with the value calculated using the expression (Ref. 18)

valid for a very small value of d

0] ¥ 20 %—ﬁlﬁ (radians) (23)
L

the recombination region and the bounding walls. With d = 0.08 um,

AL = 0.74 ym, and (y-x) = 0.4 (An = 0.26), we obtain el_= 49 deg.
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To compare the threshold current density of the broad~area 7400-8
unit with theory, we have to determine the confinement factor. Using
the measured beam pattern, we obtain (Ref. 18)

de

= O305% - 0.47 (24)

1

T

With an assumed absorption coefficient a = 10 em ~, L = 500 um, we
estimate g = 33 cmfl. Hence, from Eq. (9), using Fig. 12 to estimate a
relative n, = 0.8 and assuming a GaAs internal quantum efficiency of
0.7, the predicted threshold current density would be 800 A/cmz. The
measured value of 1300 A/cm2 is not unreasonable, considering the ap-
proximations. The difference, however, leaves room for other factors to

degrade Jt with increasing x.

h
To explore the comparative increase in Jt with aluminum content

for the other devices tested, we compare in Fig. 18 the lowest observed
Jth values for each x value with the internal quantum efficiency in-
crease, taking Jth = 800 A/cm2 (obtained for 8000-% lasers made with
the fast-cool zinc-doping process) as a point of reference. Figure 18
shows that the experimental Jth values increase faster than expected
on the basis of the calculated internal quantum efficiency increase.
Several factors may contribute to this increase: (1) Lack of constant
radiation confinement because the barrier height is decreasing as the
aluminum content is increasing in the recombination region. TFor ex-
ample, at A, = 8000 %, y-x = 0.5, while at A, = 7000 R, y-x = 0.32.
(2) A decreasing material quality, or strain effects,

The experiments conducted using the hydrostatic pressure apparatus*
provide some evidence for anomalous changes in the threshold dependence
possibly related to material changes., It is not known, however, whether
these changes are related to the material growth process. For example,

stoichiometric factors are believed affected by the growth method.

*Experiments conducted under subecontract at Yeshiva University by Y. Juravel
and P. M. Racecah.
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Note that the diodes studied so far by hydrostatic measurements were
early diodes not grown by the process which is now giving us the lowest
threshold lasers.

Figure 19 shows the dependence of the threshold change with pres-
sure as a function of x. The effect of the hydrostatic pressure is to
raise the T conduction band minimum by about 10.7 meV/kb while the X
minima are decreased by V1.1 meV/kb (Ref. 19);: the net effect is that
the separation AE between the T and X minima is decreased by about
11.8 meV/kb. Considering the simplest model of the change in internal
quantum efficiency resulting from the reduction in the AE reduction,

the change in the normalized Jt with pressure should follow an ex—

h
pression of the form

1 MY 1 s [ 2
7.0 T8 3 (0) 3P W,

1+ =
Np

(25)

where Jth(O) is the value at atmospheric pressure. Figure 19 shows the
calculated dependence of Eq. (25) for lasers having varying aluminum
concentrations in the recombination, assuming different values of the
carrier population in the recombination region. Note that the Jth is
more pressure-sensitive than expected on the basis of this model. It
is possible that defects are becoming active in the recombination re-
gion with pressure and thus depress the internal quantum efficiency.
However, to explain the observed effect, it is necessary to postulate
that the density of such defects increases with the aluminum concentra-
tion in the recombination region. Anomalous pressure-dependent effects
(under uniaxial stress) have also been reported by Kobayashi and

Sugiyama (Ref. 20) in Alea XAs, which may be explained by defects.

1-
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IIT. VAPOR-PHASE GROWTH OF GaASl—xPx/InyGa
HETEROJUNCTION LASER STRUCTURES

l-yP

Recently, lattice-matched heterojunction laser structures of

GaAs/InyGal_yP (Ref. 21) and InxGal—xAS/InyGal-yP (Ref. 22) have been

prepared by a vapor—phase growth technique. These structures utilize
the concept of lattice matching that has been extensively applied through-

out the Alea xAs alloy system to reduce the introduction of misfit

1-
dislocations at the epitaxial interfaces, and have yielded room-temperature

lasers with threshold current densities as low as 8000 A/cm2 (Ref. 23).

Because of the success of the recent vapor-grown GaAs and InGal_xAs

structures, we have attempted to prepare similar structures of GaAsl_XPX/

InyGal_yP for visible-light-emitting lasers. The principles used in the

preparation of these structures and the results of preliminary experiments

performed under this contract are described below.

A. Lattice Matching GaAs P_ with In_Ga P
1-x x y 1~y

The lattice constant of InyGa P alloys span a range from 5.451 2

1-y
(for GaP) to 5.869 2 (for InP), and therefore can be used to lattice match
any desired alloy of GaASl—xPx’ whose lattice constant ranges between
5.451 & (for GaP) and 5.653 2 (for GaAs). For a particular alloy of

_P can be determined

GaAs Px the unique lattice-matching alloy of InyGal v

1-x
from the expression:

vy = 0.483 (1-x) (26)

For emission near 7000 X, the GaASl-xPx alloy composition should have

x = 0.3; from Eq. (26), the appropriate InyGa P composition for lattice

l-y
matching GaAs 7P 3 should therefore have y = 0.34.

The energy bandgap for alloys of InyGal_yP and GaAsl_xPx at their
lattice-matching compositions is illustrated in Fig. 20. Immediately
apparent here is the energy difference of about 0.5 eV over the wavelength

range of interest. This difference is very large for heterojunction lasers
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and should readily confine the injected carrier in the active GaAs P

1-x x

laser cavity. The refractive index of InyGal_yP alloys has not been

studied extensively; however, a few preliminary measurements+

+P. Zanzucchi, private communication.

indicate a
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refractive index value of about 3.3, which is suffiqiently lower than that
of GaASl—xPx to provide efficient optical confinement. Hence, alloys of
CaAs,_ P and InyGal_yP seem like a reasonable choice for room-temperature
heterojunction lasers. The principles used for the preparation of these

materials are described below.

B. Vapor-Phase Growth

The apparatus used to prepare alloys of GaASl—xPx and InyGal_yP is
shown schematically in Fig. 21. For the growth of InyGal—yP’ the use of

separate quartz tubes to contain the In and Ga sources allows independent

Ha

HCR+H, [ PH3

Zn SOURCE T

Ga ~Hp
E
XHAUST SUBSTRATE / J [st

/' / N rb—%bj—dr_\]—J
6® —\ &InE—;fﬁ

MIXING ZONE ’ SOURCE ' SOURCE '

DEPOSITION
ZONE

4

HCI+H»

Figure 21. Schematic diagram of the vapor-phase growth system
used for the epitaxial deposition of single-crys-
talline layers of InyGa and GaAs P_.

1-y 1-x"x
control of the HCl1l concentrations over each of the metal sources. Mass
spectrometric analysis of the gases in the growth tube has shown that HC1
reacts with Ga and In metals to form monochlorides of these metals

according to the reaction

zM(1) + HC1(g) = zMCl(g) (27)
+ (1-z)HCl(g) + %Hz(g)
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Here M is In or Ga and z is the mole fraction of HCl consumed in the re-
action. The metal monochlorides are carried in hydrogen into the mixing
zone where they mix, but do not react, with gaseous phosphine, the source
of phosphdrus. The reduced temperature in the deposition zone, where the
substrate is positioned, allows the reaction bétween gases to give
InyGal_yP as an epitaxial film and HCl as the gaseous by-product according

to the reaction

%
MC1l(g) + P (g) + Hyo(g) = MP(s) + HCl(g) (28)
%
Here, P represents PH3 and the products of the decomposition of PH3,
namely P2 and P4.

For the growth of GaASl—xPx’ the chemical reactions are similar,
except for the addition of AsH3 in the mixing zone with its major
decomposition species, As2 and As4. For the growth of GaAsl—xPx’
no HCl is passed over the In source, eliminating InCl as a transport agent
for the group III metals.

Finally, a p-n junction is formed during vapor deposition by sequentially
introducing HZS (as the source of the donor, sulfur) and zinc (carried in
a hydrogen stream) into the deposition region of the reactor. This in situ
p-n junction formation technique eliminates the need of a post-growth high-
temperature diffusion step and significantly simplifies the technology for

preparing heterojunction lasers of different materials.

C. Structure

The structure used for our experiments is shown in Fig. 22. Here, the
substrate consists of an n-type commercial GaAs 7P 3 epitaxial wafer.#*
This wafer was oriented in the <100> crystallographic direction and was

doped with Te to a donor concentration of 1-2 x 1017 cm_3. The portion

*Monsanto Co., St. Louis, Mo.
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Figure 22. Schematic presentation of vapor-grown GaAs;_,P /I Gal_y

heterojunction structure prepared for visible-Xlght—
emitting laser diodes.

of the structure grown in our laboratory consisted of the two In Gal_

1—xPx (x ~ 0.3)

laser cavity, 3 to 4 um thick, containing a p-n junction approximately in

(y ~ 0.34) confining layers, each 2 to 3 um thick, and a GaAs

its center. A zinc-doped GaAsl—xPx "cap" was employed as the final layer
to facilitate making ohmic contact to the higher-bandgap p-type InyGal—yP

uppermost confining layer. The n-type layers of GaAs P and In Ga, _P

1-x x y 1=y
were doped with sulfur (from H S) to a carrier concentration of about
5 x 17 cm 3, while the p-type GaAsl P and InyGa1 yP layers were

zinc-doped to a carrier concentration between 3 x 1018 and 1 x 1019 mf3

Although it would have been most desirable to prepare the epitaxial
layers of InyGal-yP and GaAsxPl_x sequentially in a single vapor-phase
reactor, this was not possible for the wafers prepared to date. Previously,
all of the GaASl—xPx electroluminescent structures had been prepared in one
particular reactor, whereas most of the lattice-matched In Gal—yP hetero~
junction lasers had been prepared in another reactor. We therefore

attempted to prepare the structure shown in Fig. 22 in several steps.
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We first deposited the InyGal_yf layer on the commercial GaAsl—xPx substréte
and then removed the wafer from the first reactor and immediately inserted
it into a second reactor to prepare the GaASl-xPx P—n junction layers.

Next, the wafer was removed from the second reactor and reinserted into

the first reactor for the growth of the uppermost InyGal_yP confining

layer. 1In this way, we were able to take advantage of the proper flow
conditions, temperatures, gradients, etc., that had been previously

established for optimum growth of GaAs, _P_ and In_Ga —yP epitaxial layers.

1-x'x y 1

Admittedly, this advantage was at the expense of exposing the wafer to the
ambient for a brief time (~1 min) at each of the transitions between these
two materials. Obviously, in future experiments, the growth should be

optimized for both In_Ga, P and GaAs P_ in a single reactor.
y  1-y 1-x x

D. Laser Properties

In each of three such heteroepitaxial structures, laser operation
was obtained at 77 K, with threshold current densities of about 3000 to
5000 A/cm2 and emission wavelengths of-6520 to 6640 R. These values,
which are not low for the GaASl—xPx alloy system, reflect the fact that
the p-n junction formation techniques as well as the donor and acceptor
concentrations had not been optimized. Nonetheless, the temperature de-
pendence of one of the heterojunction lasers was found to vary by only a
factor of 10 between 77 and 273 K, indicative of effective optical confine-
l—yP and

InxGal_xAs/InyGal_yP laser structures had similar temperature dependences,
although their 77 K threshold values were about an order of magnitude lower

ment in these structures. For example, our early GaAs/InyGa

than those of the GaAsl_xPx lasers. Interestingly, two homojunction laser
structures of GaASl—xPx also were prepared and evaluated. These were found
to have threshold current densities slightly higher than the heterojunction
structures, confirming that the junctions themselves are not of state—of-

the~art quality in these initial structures. A representative J depen-

th
dence on T of these heterojunction lasers is shown in Fig. 23. The highest
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temperature at which lasing was observed was 273 K, with AL = 6790 X.

Figure 24 shows the shifting emission lines with current as lasing is

approached at 77 K. This shifting, which is quite  large, most likely

results from béndfilling, although radiative tunneling may be a factor
at the low current levels.

The fact that the junction quality is relatively poor in these devices
is reflected in the light—output vs current curve. Figure 25 compares the
light output vs current at room temperature (in the spontaneous emission
mode) of one of these devices with a Al.sGa.sAs/GaAs heterojunction. Note

that the output of the latter device is linear with current (until lasing

threshold sets in). For the GaAsP/InGaP diode, on the other hand, the
slope exceeds one, indicating that a substantial fraction of the cur-
rent is nonradiative, an effect associated with the defexts in the active
region and/or the interface. It 1s expected that improved diode proper-
ties, obtained by better growth, will improve these properties as well

as the lasing characteristics. A direct example of the effect of the
lattice parameter mismatch on the relative efficiency and light output

vs heterojunction diode current is illustrated in Fig. 26 for

InxGa xP/GaAs double heterojunctions. Two sets of diodes were made

(withln—type GaAs in the recombination region in each case), but with
different In/Ga ratios so as to change the lattice parameter mismatch

at the heterojunction. In the case where the interfacial lattice
parameter is more nominally matched at the growth temperature by using
x = 0,485, the L vs I curve is reasonably linear above 40 mA. However,
where the lattice mismatch is severe (0.6%), the diode efficiency is

an order of magnitude lower, and the L vs I relationship is steeper, in-
dicating that more of the current is nonradiative even at high current

densities, because of the high defect density.
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mismatch on the relative efficiency of a DH LED of
InxGal_xP/GaAs. The efficiency scale is in arbitrary
units, but the two curves can be compared. A mis-
match of 0.6% produces a severe reduction in the
diode efficiency, and the light output is a steeper
function of the diode current, indicating a larger
nonradiative current contribution.



IV. RELTABILITY STUDIES

The use of zinc instead of germanium in the (AlGa)As bounding regions
of the laser has been evaluated since this may affect the reliability of
the device. At this time, no evidence has come to light indicating that
the process per se is troublesome. Figure 27 shows the power curve of
such a laser operating at a fixed heat sink temperature of 22°C for 1500 h.
The power output is seen to have actually increased somewhat at fixed
current because of the small reduction in Ith' The effect of possibly
accelerating the degradation using higher heat sink temperature was attempted
with a 40°C operating temperature. After 500 h of operation, no significant
degradation has been noted for a laser emitting at 7650 2.

The use of A1203 facet coatings to protect the lasers against facet
damage has become standard in our laboratory (see Appendix A). An in-
teresting‘example of the beneficial effects of the coatings is evident
from Fig. 28 which shows the facet of a laser which was accidentally not
fully passivated. ©Note that the uncoated regions of the laser show clear
evidence of facet damage while the coated region near the center is
damage~-free,

With regard to long-term operating tests, a group of lasers with
conventional technology has now passed 10,000 h (with facet coating)
with less than 20% power reduction at constant current. Unpassivated
lasers have shown some degradation when operated for periods of time in
excess of 14,000 h., Figure 29 shows the power vs current curve (cw) in
the course of operation spanning 14,000 h of a laser with a 100-um-wide
stripe. The threshold current has increased from 0.7 to 0.8 A, with
some reduction in the differential quantum efficiency. The laser has
been operated for the past 5000 h at 0.9 A. Previously it was operated
at 0.8 A.
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stripe laser made using the fast-cool Zn-doped process,
before and after constant current operation.



Figure 28.

Laser facet following catastrophic degradation.
Only the uncoated regions show facet damage,
while the coated central region shows no
evidence of such damage.
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V. CONCLUSIONS

The work reported here has demonstrated that laser diodes can be
made in the visible portion of the spectrum with room~temperature thresh—
old current densities equal in magnitude to values only recently achieved
in the infrared. The (AlGa)As technology has been shown to lend itself
to the fabrication of lasers at A = 7240 R} with Jth = 2230 A/cmz, a re-
cord low value well within the theoretical limits of room-temperature cw
operation. A number of complex technological factors were overcome to
accomplish this result, including the control of the.appropriate dopant
concentration in the passive regions of the device, and a rapid growth
process to minimize cross-contamination of the layers in the growth
apparatus. However, technological problems still remain at the short
wavelength range of the alloy system, including control of the thermal
resistance of the devices which, to date, has limited room-temperature
cw operation to A = 7400 R} or longer. This result represents the first
achievement of room-temperature cw operation in a range convenient for
eye visibility. However, we believe that shorter wavelength room-tem-—
perature cw operation 1s possible with further technological progress.

A comparison of the experimental and theoretical laser data shows
that the general trend of increasing threshold with decreasing internal
quantum efficiency 1s followed, However, some anomalies are observed
attributed to defects in the material. There is some evidence from
applied stress measurements that these may be related to stresses in the
diodes. Nevertheless, judging from the low threshold values achieved
with our latest growth methods, it appears that much progress has been
made in eliminating the detrimental effects of the internal diode stress.

Reliability tests conducted with our (AlGa)As laser structures are
encouraging. Using the facet passivation process discussed in prelimi-

nary form in Appendix A, we have achieved 10,000 h to date of essentially
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stable laser 6peration at constant current (less than 20% reduction in
power output). Unpassivated structures with very larges stripe widths
of 100 ym have now operated for more than 14,000 H with moderate degra-
dation as a result of some facet erosion. Thus, we believe that the
laser diode technology is well founded for useful systems application,
even those requiring exceptional reliability.

Among the achievements of the program on a new alloy system hetero-
junction structure is the construction of the first laser diodes of
GaAsP/InGaP. These emit below 7000 & at all temperatures to 300 K.
Using vapor-phase epitaxy, a series of devices were fabricated in the
vicinity of the lattice-matching composition. These LOC (large optical
cavity) lasers operated to 273 K, being limited by the defects intro-
duced by what is believed to be slight lattice parameter mismatch. With
further work, we believe that much better laser diodes can be constructed

using this technology.
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APPENDIX A

Reliability Aspects and Facet Damage in High-
Power Emission from (AlGa)As CW Laser
Diodes at Room Temperature*

H. Kressel and I. Ladany

RCA Laboratories, Princeton, N.J. 08540

Abstract—Factors are described that limit the optical power output from (AlGa)As laser
diodes (A = 8100-8300 A) operating cw at room temperature with uncoated
facets. Rapid laser “‘catastrophic’” degradation due to facet damage (in con-
trast to “‘bulk” phenomena previousl); considered) has been found to occur as
a result of excessive optical flux density at the facets. The diodes studied are
capable of initial cw power emission values of 25 to 100 mW from one facet
depending on their dimensions. Data are presented showing long-term con-
stant-current operation at power levels below these maximum values. Prelimi-
nary data are also presented on devices utilizing dielectric facet coatings to
minimize facet damage.

Introduction

Significant progress has been made in improving the operating life-
time of cw heterojunction laser diodes (and high radiance LED’s) at
room temperature. This has resulted from improved knowledge con-
cerning the relevant device aspects affecting the formation of non-
radiative centers!~® and external factors such as facet erosion result-
ing from ambient conditions.? While attention has been paid to inter-
nal device effects, it has been generally assumed that the cw power
emission levels were too low to result in rapid device degradation due

* This research was partially supported by NASA, Langley Research Center, Hampton, Virginia,
under Contract NAS1-11421 and the Office of Naval Research, Arlington, Virginia, under Contract
N00014-73-C-0335.

**Reprinted from RCA Review 36, 230 (1975).
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to facet damage (“catastrophic degradation”)? well known to occur in
pulsed diode operation when the power density at the emitting facet
reaches values in the MW/cm? range. For pulsed laser operation, it is
experimentally found8 that the power level at which facet damage oc-
curs decreases approximately with pulse length ¢ as t~1/2. Hence, it is
reasonable to suppose that cw laser operation will induce damage at
substantially lower levels than usually observed in pulsed diode oper-
ation.

The object of the present work was to explore the power density
limits in practical cw laser diodes. We show by comparing cw and
pulsed diode operation that facet failure (uncoated facets) occurs at
significantly reduced levels in cw operation. In addition, long term cw
operation tests were conducted with similar lasers at initial power
emission levels which did not exceed % the maximum value from a
given diode. Many thousands of hours of relatively stable operation
are obtained under conditions of constant current operation.

Experimental Results

The diodes studied, designed for emission in the 8100-8300 A spec-
tral range, were Al.Gai-.As—Al,Gai-,As double heterojunction
structures, with typically x =~ 0.1 in the recombination region and y =
0.3 in the adjoining p- and n-type regions, as discussed previously.?
The material was grown on (100) GaAs substrates by liquid-phase ep-
itaxy using the thin-melt technique? in a horizontal growth appara-
tus. The width of the n-type recombination region was 0.2-0.3 um.
Germanium was used to dope the p-type regions, while Sn or Te were
used for the n-type regions. The recombination region was not delib-
erately doped, and has an electron concentration of 5 X 106 cm=3. To
minimize the thermal and electrical resistance of the diodes, the dis-
tance between the recombination region and the surface of the diode
was typically 2-3 um and included a highly doped p-type GaAs layer
to improve the ohmic contact.

The combination of a very narrow recombination region and ap-
propriate Al concentrations in the two surrounding layers of the
diodes completely confines the carriers to the recombination region,
but only partially confines the radiation there.l® This is reflected in
the far-field radiation pattern, which shows a full beam width value
(at half-power) of 33 to 38° in the direction perpendicular to the
junction plane, indicative of an “effective aperture” greater than the
recombination region width.

The active diode area was defined by a SiOs-isolation stripe-con-
tact process!! with stripe widths of 13, 50, and 100 um. The diodes



were mounted p-side down on copper heat sinks using indium as the
solder. .

Fig. 1 shows the current dependence of the light emitted by typical
wide stripe diodes used in this study. For the 50 um stripe width, the
indicated threshold current is 0.76 A and the cw power output peaks
at 90 mW (one side) at a current of 1.3 A. The saturation in the power
output is due to the increase with current of the junction temperature
and the consequent increase in the threshold current density. The
position of the maximum in the power output depends on the ther-
mal and electrical resistance of the diode, and on the threshold cur-
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Fig. 1—Power emission from one laser facet as a function of direct current for two la-
sers selected from different wafers operating cw at room temperature: (a)
diode with 50-um-wide stripe contact; (b) diode with 100-um-wide stripe con-
tact.

rent density dependence on temperature.!? Comparative studies were
conducted with the 100-um-wide stripe diodes in which the power
output saturates at ~ 100 mW (~ 200 mW total emission) at a cur-
rent of 1.6 A as shown in Fig. 1(b).

The facet damage effects were studied in the 13- and 50-um-wide
stripe diodes where cw-operation damage could be induced within
relatively short periods of time (on the order 1 hr) when the diodes
were operated at their peak optical output. The diode facets were un-
coated and the damage experiments were conducted in a normal lab-
oratory ambient with the heat sink temperature kept constant at ~
20°C, with provisions made to ensure that the diode facets were dry.
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First, we consider facet damage seen in a 50-um-wide stripe laser
initially emitting 90 mW from one facet. When the emitted power
had decreased to Y of its initial value, the damaged region on the
facet shown in Fig. 2 was observed. This region is 25 um wide and oc-
curs in the central region under the stripe contact where the current
and, hence, the power emission is at a maximum. {(T'wo other samples

To— Cu HEAT SINK

xﬁfm—aw%@ RECOMB. REGION
;

b
iOpm

Fig. 2—Optical micrograph of the facet damage following operation at the 30 mW emis-
sion level from a 50-um-wide stripe diode. The extent of the damaged region is
~25 um in the central region of the stripe width.

tested failed at power levels within 10 mW of the above value.) Facet
damage could not be induced under similar test conditions in less ef-
ficient diodes operating at the same current of 1.3 A (for example,
diodes emitting only 70 mW instead of 90 mW), suggesting a correla-
tion between facet damage and the power emission level. Other ob-
servations were consistent with this hypothesis. No facet damage was
induced in the 100-pm-wide stripe diodes where a power level as high
as 110 mW was emitted from a region about twice as wide.

In the 13-um-wide diodes, facet damage occurred at power levels
between 23 and 35 mW (in four samples tested). As shown in Fig. 3,
the damaged region extends over a width of 5-6 um in the plane of
the junction and is thus similar in this respect to the damage in the
wider diodes, which extends over only part of the stripe. Consistent
with the damage observed, the central portion of the stripe contact
has the highest optical power density as shown by examination of the
near-field emission of Fig. 4.* Note in the scanning-electron-micro-
graph of Fig. 3(b), that the mechanical damage spreads substantially
beyond the recombination region in a direction normal to the junc-
tion plane.

In order to obtain a further basis of comparison, 13-um-wide stripe
diodes similar to those studied above were operated with pulse
lengths of ~100 nsect (1 kHz) and 400 nsec (250 Hz) under conditions

* We are indebted to H. S. Sommers, Jr. for these data.
T Gaussian pulse shape, 100 nsec width at half-intensity point.
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Fig. 3—Facet damage in a 13-um-wide stripe diode: (a) optical micrograph showing
damage extending over a distance of 5-6 um in the stripe center; (b) scan-
ning-electron-microscope micrograph showing that the damaged region ex-
tends substantially in the direction perpendicular to the junction plane.

to induce catastrophic damage. We found that of three diodes tested,
the damage limits were 220, 230, and 260 mW with 100 nsec pulse
length, while with the 400 nsec pulse, damages occurred at an average
value of 90 mW. These damage power level values are therefore sig-
nificantly greater than those found under cw operation.
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Fig. 4—Near-field intensity distribution of a 13-um-wide stripe laser diode below and just
above lasing threshold. Note the peak intensity at the center of the stripe re-
gion. (The two curves are shifted for convenience.)
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The damage results described above are phenomena that occur in a
relatively short time period. It is obviously of practical interest to de-
termine the power level that can be sustained for long term opera-
tion, although a definitive study of such effects must involve a large
number of samples and testing over periods of years. Preliminary
tests were conducted with the diodes operating in a dry air atmo-
sphere to minimize facet erosion accelerated by moisture.” Both 13-
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Fig. 5—Power emitted from one facet of cw (AlGa)As lasers operating at room tempera-
ture at constant current: (a) diode with 50-um-wide stripe operating at a drive
current of 1 A; (b) diodes with 13-um-wide stripe operating at 330 mA, 380
mA, and 450 mA. The fluctuations in the power output are partially due to
slight changes in the ambient temperature, which reversibly changes the
threshold current density. (Uncoated laser facets.)

pm-wide stripe lasers and 50-um-wide lasers were subjected to ex-
tended constant-current life tests at initial power levels not in excess
of one-third the initial maximum attainable from a given device. The
output from one facet as a function of operating time at a fixed cur-
rent is shown in Fig. 5. The 50-um-wide stripe diode is emitting be-
tween 22 and 33 mW from one facet for more than 5000 hrs with a
drive current of 1 A. The 13-um-wide lasers are emitting between 5
and 7 mW for more than 6000 hrs. (The fluctuations in the power
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Discussion

It is evident that the damage level will scale with the extent of the
emitting region, but the relationship between the observed power
level for facet damage and the actual optical flux density is difficult
to establish with high accuracy in stripe-contact diodes because of
the graded lateral and perpendicular radiation distribution. For the
13-um stripe diodes, the near-field pattern shows that the half-power
point is reached at the edge of the stripe (Fig. 4), with the radiation
being most intense in the central region where the damage is ob-
served. However, stimulated emission occurs over a significant dis-
tance beyond the stripe width because of the lack of effective lateral
current confinement. Considering the initial near-field distribution
and power range at which damage was observed (23-35 mW), the
power level in the 6 um damaged region is estimated to be between 2
and 3 mW/um of emitting region.

For the 50 um-wide stripes, we noted that the damage occurred in
the central 25 um of the device. We also noted that the power reduc-
tion was typically about 75% when damage of the type shown in Fig. 2
was observed. Taking the value of 90 mW at the damage point, the
power concentrated in that 25 um region can be assumed, as a first
approximation, to represent 75% of 90 mW, or 68 mW, and hence to
correspond to 2.7 mW/um of emitting region, a value within the
above estimate for the 13-um stripe diodes.

With regard to the power density, the best estimate of the effective
perpendicular width of the emitting regions based on the far-field
beam width of these devices (33-38°), is about 1 um (but not less
than 0.7 um). Hence, the optical power density is 2 — 4.2 X 105 W/
cm?2, These values can be compared to the much higher power level
for facet damage estimated!3 for 100-nsec pulse-length measurement
of 4 — 8 X 106 W/cm?2, This large difference between the cw and 100-
nsec-pulse-operated power densities for failure is also consistent with
our measurement results for pulsed operation described above.

We wish to emphasize that in all cases of facet damage, the effect
can occur at lower than expected power levels in the presence of dust
particles on the laser facet, gross metallurgical flaws and, as pointed
out earlier, when operation occurs in a relatively moist ambient.?
Facet protection is, therefore, very desirable. Furthermore, the use of
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antireflective films (such as AlosO3 or SiO) on the facet are known to
improve the catastrophic damage limit by as much as a factor of 3 in
the case of pulsed diode operation.'* A similar improvement is ex-
pected for cw laser operation, and preliminary results do show a sig-
nificant improvement in our cw devices.* The above results should
not, therefore, be taken as indicative of the maximum power that can
be reliably achieved from stripe-contact lasers having the indicated
geometry.

Fig. 6 shows preliminary life data at constant current for a group of
four 13-pm-wide stripe lasers with facet coatings. (The heat sink tem-
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Fig. 6—Power emitted from one facet of four lasers with dielectric facet coating operat-
ing cw with a heat sink temperature of 22 + 1°C. The fixed current of opera-
tion is shown for each diode. The stripe width was 13 um.

perature was maintained at 22°C £ 1°). Little or no evidence of deg-
radation is seen in the time indicated. It is possible that the slow re-
duction in the power emission seen in the diodes with uncoated facets
operating at constant current is due to facet damage, possibly starting
at tiny flaws on the emitting facets.

It is encouraging to note that useful power output over many thou-
sands of hours is possible with the relatively simple construction used
for the present diodes. Long term operating-life data (in excess of
1000 hrs) were previously reported for diodes using other stripe con-
tact formation techniques, including selective diffusion,® etched
mesas,® and proton bombardment.2 The reported data generally indi-
cate that substantial current increases were needed to maintain rea-

* The dielectric coating experiments were performed in collaboration with M. Ettenberg and H. F.
Lockwood.



sonably constant power output, an indication of degradation occur-
ring in the course of operation.

Conclusions

A study has been made of operating conditions leading to facet dam-
age (catastrophic degradation) of (AlGa)As laser diodes operating cw
at room temperature (emission wavelength of 8100-8300 A). It has
been shown that facet damage occurs when the power level in the
highest intensity region of the uncoated emitting facet reaches an es-
timated value of 2-3 mW/um. Based on a reasonable approximation
of the extent of emitting region in the direction perpendicular to the
junction plane, the estimated optical power 'density is 2-4.2 X 105
"W/em?2. This value is several times lower than observed under short-
pulse operation (100 nsec) for the same type of device.

It has also been shown that similar diodes have operated for peri-
ods of time in excess of 5000 hrs at initial power values that did not
exceed % the damage limit. The maximum reduction in the output of
diodes with uncoated facets at constant current was below 50%. (An
increase in the current can recover part of the power reduction.) The
cause for the observed reduction in some of the diodes tested is as yet
undetermined, but could be due to incipient facet damage originating
at tiny facet flaws. Preliminary results using dielectric facet coating
indicate that the damage limit is substantially increased (as has pre-
viously been observed in diodes designed for pulsed operation). Facet
protection is believed to be important, for very long term stable oper-
ation, as a means of eliminating facet damage.

Acknowledgments

We are indebted to H. F. Lockwood and M. Ettenberg for collabora-
tion on the dielectric film work; to D. P. Marinelli, V. M. Cannuli, D.
B. Gilbert, H. Kowger, and M. Harvey for technical assistance; and
E. R. Levin for the scanning electron microscopy.

References:

T A comprehensive discussion of the literature until 1973 was presented by H. Kressel and H. F.
Lockwood, ‘A Review of Gradual Degradation Phenomena in Electroluminescent Diodes,” J. de Phy-
sique, C3, Suppl. Vol. 35, p. 223, 1974,

2R. L. Hartman and R. W/ Dixon, "‘Reliability of DH Lasers at Elevated Temperatures,” Appl. Phys.
Lett. 26, p. 239, 1975, and references therein.

3H. Yonezu, K. Kobayashi, K. Minemirra, and 1. Sakuma, ‘'GaAs-ALGai-xAs Double Hetero-
structure Laser for Optical Fiber Communication System," International Electron Devices Meeting,
IEEE, Tech. Digest, p. 324, 1973.




60

LASER DIODES

4 M. Ettenberg, H. Kressel, and H. F. Lockwood, “"Degradation of ALGai—,As Hetero}uncﬁon Elec-
troluminescent Devices,"” Appl. Phys. Lett, 25, p. 82, 1974.

51. Ladany and H. Kressel, “‘The Influence of Device Fabrication Parameters on the Gradual Degra-
dation of (AlGa)As CW Laser Dlodes,” Appl. Phys. Lett., 25, p. 708, 1974.

8 0. Nakada, N. Chinone, S. Nakamura, H. Nakashima, and R. ltoh, *‘Continuous Operation Over
2500 Hours of Double Heterostructure Laser Diodes with Qutput Powers More than 80 mW,"" Japan,
J. Appl. Phys., 13, p. 1485, 1974. (By private cornmunication, the authors have indicated 40mw/
face emission powers.) _

7 H. Kressel and H. P. Mierop, *‘Catastrophic Degradation in GaAs Injection Lasers,” J. Appl. Phys.,
38, p. 5419, 1967.

8 Extensive data are given by P. G. Eliseev, “*Degradation of Injection Lasers,"” in Semiconductor
Light Emitters and Detectors, A. Frova, ed., North-Holland Publishing Co., Amsterdam, 1973, p. 338.
{J. Luminescence, Vol. 7, 1973].

9 H. F. Lockwood and M. Ettenberg, *“Thin Solution Multiple Layer Epitaxy,"” J. Crystal Growth, 15, p.
81, 1972,
®H. Kressel, J. K. Butler, F. Z. Hawrylo, H. F. Lockwood, and M. Ettenberg, “Mode Guiding in Sym-
metrical (AlGa)As-GaAs Heterojunction Lasers with Very Narrow Active Regions,”” RCA Review, 32,
p. 393, 1971.
1J. C. Dyment, **Hermite-Gaussian Mode Pattern in GaAs Junction Lasers,” Appl. Phys. Lett., 10,
p. 84, 1967.
12R. W. Keyes, “Thermal Problems of the CW Injection Laser,” IBM J. Research and Develop., 15,
p. 401, 1971.
3B. W. Hakkl and R. Nash, *‘Catastrophic Failure in GaAs Lasers,” J. Appl. Phys., 45, p. 3907,
1974,

4 M. Ettenberg, H. S. Sommers, Jr., H. Kressel, and H. F. Lockwood, ‘‘Control of Facet Damage in
GaAs Laser Diodes," Appl. Phys. Lett., 18, p. 571, 1971.



U B~ W N
L]

11.
12.
13.
14,
15.
16.
17.

18,
19.

20.

21,

22,
23.

NASA-Langley, 1977

REFERENCES

I. Ladany and H, Kressel, NASA CR-2556, 1975,

G. D. Pitt and J. Lees, Phys. Rev. B2, 4144 (1970).

0. Berolo and J. C. Wooley, Canad. J. Phys. 49, 1335 (1971).

H. Kressel and H. F. Lockwood, Appl. Phys. Letters 20, 175 (1972).

H. C, Casey, Jr., D. D. Sell, and M. B, Panish, Appl. Phys. Letters
24, 63 (1974).

H. Kressel, H. F. Lockwood, and J. K. Butler, J. Appl. Phys. 44,
4095 (1973).

F. Stern, IEEE J. Quant. Electron. QE-9, 290 (1973).

E. Pinkas, B. I. Miller, I. Hayashi, and P. W. Foy, IEEE J. Quant.
Electron. QE-9, 281 (1973).

M. Ettenberg, Appl. Phys. Letters 27, 652 (1975).

P. Maruska and J. I. Pankove, Solid State Electronics 10, 917
(1967).

D. L. Rode, J. Appl. Phys. 45, 3887 (1974).

W. P, Dumke, Solid State Electronics 16, 1279 (1973).

M. Ettenberg and R. J. Paff, J. Appl. Phys. 41, 3926 (1970).

H, Kressel and F. Z. Hawrylo, Appl. Phys. Letters 17, 169 (1970).
B. I. Miller et al., Appl. Phys. Letters 18, 403 (1971).

Zh, I. Alferov et al., Sov. Phys. - Semiconductors 6, 495 (1972).

K. Itoh, M. Inone, and I. Teramoto, IEEE J, Quant. Electron.
QE-11, 421 (1975).

W. P. Dumke, IEEE J. Quant., Electron. QE-11, 400 (1975).

J. Feinleib, S. Grove, W. Paul, and R. Zaller, Phys. Rev. 131,
2070 (1963).

T. Kobayashi and K. Sugiyama, Japan. J. Appl. Phys. 12, 1388
(1973).

C. J. Nuese, M. Ettenberg, and G. H., Olsen, Appl. Phys. Letters
25, 612 (1974).

C. J. Nuese and G. H. Olsen, Appl. Phys. Letters 26, 528 (1975).
V. S. Ban and M. Ettenberg, J. Chem. Phys. Solids 34, 1119 (1973).

CR-2823 61



