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Design considerations and analytical approximations
for high continuous-wave power, broad-waveguide diode lasers
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Accurate analytical approximations are derived for the equivalent transverse spat/5ize;5%

erron, and the transverse beamwidiky, (<2% erroy, of broad-waveguide-type diode lasers, over

a wide range in waveguide width: from the first-order-mode cutoff to the third-order-mode cutoff.
The analytical formulas are found to be in good agreement with experimental values. For
low-series-resistance and thermal-resistance devices, it is found that the junction-temperature rise
AT; in continuous wavg¢CW) operation is a strong function of both the characteristic temperature

T, for the external differential quantum efficieney, as well as of the heatsink thermal resistance.

If the device has relatively temperature-insensitiyg(i.e., T;= 1000 K) the maximum CW power

as well as the power density at catastrophic optical mirror danRagsp, are limited, for a given
active-region material, only by the heatsink heat-removal ability. For ldffje 0.97 um emitting,
100 um stripe InGaAs/InGaA®)/GaAs devices with;= 1800 K, record-high CW and quasi-CW

(100 us wide pulsesoutput powers are obtained. The ratio of quasi-CW to €Wp values is
only 1.3, in contrast to devices of poor carrier confinement and subsequeiit, lealues(~140 K),
for which the ratio is 1.9, and whose maximum CW powers-a#% less than those obtainable
from high-T, devices. ©1999 American Institute of Physid$S0003-695(099)03421-X

In the quest for high continuous-wau&€W) powers A schematic representation of the BW-SCH laser struc-
from diode lasers, one key concept has been that of thture and its optical-mode profile is shown in Fig. 1. Since the
broad-waveguidéBW) separate-confinement heterostructurequantum-wells) width d is much smaller than the waveguide
(SCH);*?that is, a structure that concomitantly provides bothwidth t., the optical-mode profile is primarily determined by
a large equivalenttransversgspot sizé as well as low in- the waveguide index profile. The normalized waveguide
ternal cavity los$; 2 (<1 cm™?) with no sacrifice in wall-  thicknessD is defined as"*
plug efficiency at high drive levefSAs a result, record-high 5
CW powers have been achieved from BW-type devices at _T a2
wavelengths from the visible to the midinfrar&d. D=~ eV NG @

Here, we derive for BW-type devices accurate analytical h h ide-l d cladding-| _
expressions for the equivalent spot sidél [d is quantum-  WN€T€Nw.Nq are the waveguide-layer and cladding-layer in-

well(s) thickness and” the (transversgoptical-confinement 9iC€S: andk is the vacuum wavelength. Since the waveguide

factor] and the transverse beamwidth. In addition, we com/S 1arge ¢c>0.5um), D takes values in excess of 3, thus

pare record-high CW and quasi-CUQCW) data at\ providing optical-mode intensity profiles excellently ap-
=0.97um and determine which parameters are critical forproximately by Gaussian curvés? Then, considering the

achieving high CW power at catastrophic optical mirroreXprGSSi_On f.oranormaliz'ed Gaussian cﬂﬁ‘wﬂwa?stw, one
damage(COMD). can easily find the fraction of powesP/P confined to a

From the definitiof of the internal optical-power density SMall intervaldx at the center of the curve:

at COMD, ECOMD, one can express the maximum CW oP
power as B oxIw /2. ®)

d
Pmax,cw: F W

whereW is the stripe width an® the front-facet reflectivity.
It has been established that for conventionally facet-

passivated diodeB-q\p is a function of the active-region Ny p=====" i
material’® being in effect inversely proportioralto the A ! N
surface-recombination velocity as long a¥ s=10° cm/s. Dc) . o
That is, for a given active-region material wist= 10° cm/s e te >
and given stripe widthP .« o directly scales withd/I". One L - x

main way to increasd/T" is to use BW-SCH structuré's.

1-R
1+R

Pcomp 1)

FIG. 1. Schematic representation of BW-type laser structure: effective-
index profile and field-intensity profiled is the (total) quantum-wells)
¥Electronic mail: botez@engr.wisc.edu thickness and, is the waveguide width.
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FIG. 2. The equivalent transverse spot giZ€ vs the waveguide width for

a InGaAs/InGaAsP/InGaP BW structut®efs. 3 and # (A=0.97um).
Solid curve: exact calculation. Dashed curve: approximaftiéo (4)]. Ar-
rows indicate the cutoff thickness for the first-, second-, and third-orde
modes.

Since for a BW-type device the quantum wsllare very

I

FIG. 3. The transverse beam full width at half maximeém, for a InGaAs/
InGaAsP/InGaP BW structur@Refs. 3 and #(A=0.97m). Solid curve:
exact calculation. Dashed curve: Gaussian approximdfan (5)]. Solid
and open symbols correspond to experimental and approxindatedalues
for BW lasers emitting ak =0.97 um (Ref. 4, A=0.98um (Ref. 16, and
A=0.81um (Refs. 7 and 1)1

narrow compared to the waveguide, one can consider that tHé= ); that is, for the Gaussian-like field regime. Compar-

interval 5x can be replaced by théotal) quantum-wells)
thicknessd; and, since the field is virtually uniform across
the quantum we(k), SP/P=T". Then, by using a previously
derived” accurate analytic approximation far we obtain:

d T T
F= V5 W= Etc(o.31+2.1/D3’2), 7<D<3m. (4)

Figure 2 shows a comparison dfI’ curves: exact calcula-
tion and the analytical approximatio@); for a InGaAs/
INnGaAgP)GaAs structurg®at\A =0.97um. Itis evident that
for t.>0.53um (i.e., the first-order-mode cutoff) = ) the
approximation has errors5% up tot.=1.60um, the third-
order-mode cutoff P=37). Most BW-SCH structures are
designed near the second-order-mode cutgff=(.0um),
where thed/T" approximation is extremely accurate:1%
error). The approximation is also excellefat1% errop up to

ing to experimental results from BW lasér§®1’we find

good agreement with values given by E§). It is evident
that increasing, will decreased,;,. However, an even more
important factor for loweringd,;, is to decrease the index
step, An=n,—n, as amply demonstrated for InGaAsP/
AlGaAs devices.’

Equation(1) gives the maximum CW power, provided
that junction-heating effects do not cause power saturation.
Figure 4 shows the CW and QCW00 us wide pulses
light-current characteristics for 10@m stripe, 2 mm long
INnGaAs/InGaAsP/InGaP 0.9zm diode lasers mounted on
Cu heatsinkg®® Maximum power levels in CW and QCW
operation are 11 and 14.3 W, respectively, dindgted by
COMD.

Considering al/T" value' of 0.66 um, Pcowp is 18 and

the third-order-mode cutoff, a fact relevant to BW devices A

for which the second-order mode is suppressed via transverst InGaAs/InGaP/GaAs

losses!

Equation (4) makes it clear that for large waveguides
(te=1.0um) d/T" is basically proportional td.. Further-
more, rearranging Ed4) provides an accurate analytical ap-
proximation forl" of BW-SCH devices, which in turn can be
used in the threshold-current-density expression.

Now one can find an analytical expression fqy,, the
beam full width at half maximum:

6,,~=1.18tan }(\/ ww,),
Wo=1.(0.31+2.2D%?+ 30/D9),

wherew, is the equivalent near-field Gaussian wardEqua-
tion (5) is obtained from previous wotk as well as from
curve fitting in Fig. 3. As seen from Fig. 3, the approxima-

©)

device$ is very accuratd=<2% erroy for t.;=0.5um (i.e.,
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FIG. 4. CW and quasi-CWL00 us wide pulseslight-current characteristics
; . for lasers employing the BW structure described in RefA40.97 um).
tion applied atA=0.97um to InGaAs/INGaAsP/INGaP The devices are mounted on Cu heatsinks, and the front- and back-facet

reflectivities are 3% and 95%y, is the differential quantum efficiency.
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23 MWi/cn? in CW and QCW operation, respectively. The
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AT; in CW operation. In turn, the critical facet temperature

QCW Peowmp is basically the same as for InGaAs/GaAs/ fise AT, at which COMD is initiate@® (AT.~140K) in

InGaP 0.99um emitting devices with the same 1@@n wide

QCW operation is reached at higher power and drive levels

aperturé® but there is a big discrepancy between the ratio ofthan in CW operation.

QCW ECOMD to CW ECOMD. That is, for the device with a
high-band-gap waveguide layére., InGaAsP(1.62 eVj]

shown in Fig. 4, the ratio is 1.3, while for devices with a

low-band-gap waveguide lay¢re., GaAs(1.42 eVj], % the

In conclusion, the values of maximum CW power from
diode lasers are primarily determined by four parameters: the

equivalent spot sized/T"; the power density at COMD,

Pcomp; the temperature dependence #gf; and the heat

ratio is 1.9. To understand this dramatic difference one has teemoval ability of the heatsink.

look at the junction-temperature rig€T; in CW operation:
ATj =Ri(IV— Popt)r (6)

whereRy, is the thermal resistancky is the current—voltage
product, andP,, is the emitted optical poweN is the sum
of an overall built-in voltagé V, and IR, whereR is the
series resistance. R is small, as is the case for Al-free BW
devices}® it is clear from Eq.(6) that AT; is mainly a

strong function ofRy, as well as ofP .
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