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Comprehensive Heat Exchange Model for a
Semiconductor Laser Diode

K. P. Pipe and R. J. Ram

Abstract—By measuring the total energy flow from an optical conduction in a region with thermal conductivityis given
device, we can develop new design strategies for thermal stabiliza-py V . kVT = —¢, wheregq is the power generated per unit
tion. Here we present a comprehensive model for heat exchange,,o\yme. For quasi one-dimensional heat flow in a source-free

between a semiconductor laser diode and its environment that in- . the t ¢ diff o&T bet b d
cludes the mechanisms of conduction, convection, and radiation. region, the temperature diireren etween a boundary

We perform quantitative measurements of these processes for sev-neat source and a point within the region can be approximated
eral devices, deriving parameters such as a laser’s heat transfer co- using a thermal impedance model A% = Z7Qcona, Where

efficient, and then c_iemonstrate the feasibilit)_/ of_thermal p_robing Zr is a geometry-dependent impedance @ngl,q is the power
fqr the nondestructive wafer-scale characterization of optical de- generated by the source [5].
viees. Convection occurs across a temperature gradient in which
Index Terms—integrated optoelectronics, lasers, laser thermal heat energy is transferred by the translational motion of indi-
factors, nondestructive testing, semicon_ductordevice testing, Semi'vidual particles; it is thus typical of fluids. The heat transferred
con_ductor device thermal factors, semiconductor lasers, thermal b ion f | f f ateand tem-
variables measurement. y convection from a p anar source surface of ateznd tem
peraturely,s to a surrounding fluid at temperatufg,,;, is
given by Qconv = hA(Lsurt — Tamb ), Where the heat transfer
I. INTRODUCTION coefficienth depends on parameters such as the fluid’s velocity
HERMAL MANAGEMENT is a critical issue in the per- @nd specific heat and the nature of the fluid—surface contact.

formance of semiconductor laser diodes and other Opto_Radiation occurs when carriers transmit electromagnetic
electronic devices. Characteristic parameters such as device&ves; this energy can be acquired by the carriers thermally
ficiency, stability, and lifetime are strongly dependent on opef@S in blackbody radiation) or through electrical pumping (as
ating temperature [1]-[3]. While internal heating and C00|in%gptoelectromc devices). For typical device temperatures, the
sources such as recombination, Joule heating, and thermoeRd@ckbody term is small, but for optical devices such as laser
tricity have been studied extensively [4]-[6], external heat egiodes, the radiated power due to electrical pumping can be
change models that describe the transport of energy to and frigificant.
a device have focused primarily on the mechanism of thermal
conduction [5]. Analysis of convective effects has been very |ll. HEAT EXCHANGE BALANCE FOR A LASERDIODE

limited [7]. In the steady state, the power generated by a device is bal-

Here, we present a comprehensive model for external enefgy-qq by the power removed from the device and we can write
exchange that examines other pathways such as convection and

radiation. By taking into account all such mechanisms, we un- Qe = Qcond + Qconv + Qrad. 1)
cover design strategies for temperature control as well as arrive gen - weon com T

ata method for the wafer-scale testing of the light power of phey, 5 |aser diode, we can write the radiated power below and
tonic integrated circuits that relies only on noninvasive thermghove threshold as

measurement.

Q | = {nLEDla (I < Ith) (2)
Il. EXTERNAL HEAT EXCHANGE e nenl +na(L — In), (I > L)

There are three mechanisms by which a device can exchagyre the external differential efficienciesep ands, are de-
heat energy with its environment: conduction, convection, aggte-dependent and represent the fraction of recombining car-
radiation [8]. riers that contribute to, respectively, spontaneous and stimulated
Conduction occurs across a temperature gradient throughlission.
atomic vibrations and collisions in which no translational Fqr 3 semiconductor laser diode structure composed of a thin
motion of the individual particles takes place; it is thus typicg|ctive region in contact with a thick substrate that also contacts
of solids. The heat equation that governs steady-state therg@leat sink, we consider the typical case in which recombina-
tion and absorption are restricted to the vicinity of the active
Manuscript received July 8, 2002; revised December 18, 2002. This work weggion and Joule heating in the substrate is small. Under these

supported by MIT Lincoln Laboratory and DARPA. _ __conditions, the bias powdiV that is injected at the contacts is
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MA 02139 USA (e-mail: morgoth@mit.edu). a most completely dissipated near the active region [9]. We can
Digital Object Identifier 10.1109/LPT.2003.809308 write the heat exchange balance for the laser diode, accounting
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for conduction through the substrate, convection from the tc (54 20 3
surface, and radiation from the active region as 30 °Vg 16E
AT 30,25 lT 12 g

1V = Zr + Aesth(Teurt — Tarn) + Qrad () — 3 8 &

20 4 8

where AT = Tyt — Tys IS measured between the top sur- B
face electrical contact and the heat sink [10]. Due to lateral he 155 50 100 150 % S50 100 750 200° ©

spreading, the ared.g over which convection occurs is larger Current (mA) IV (mW)

than the top contact area; however, we assume that it is small . Lo
h that fl | d ti Fig. 1. (a) Measured temperatures of laser surface, heat sink, and ambient air.
enough that air flow remains laminar and convection is pmpolrﬁermlstor set temperature is also shown. (b) Meast\&dand direct optical

tional to Tyt — Tamp. Simple two-dimensional finite-elementpower meter measurement.
simulations that maintain constant heat sink and ambient tem-
peratures confirm that total convected power remains propor-

250 500
tional to surface temperature at different heat source magnituc (B)
—~200 400
and, therefore, that.g does not vary with injected power in this S ;
approximation. i
At zero bias { = 0), convected and conducted power balanc g 100 200 i
and (3) can be solved to give 5 50 1000 ="
0= | ==—
Aet] ATy @) oo Georv a0
efth = . -50 -100
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Below threshold, assuming a low level of spontaneous emlssmn
we can now write |g 2. Heatexchange terms as derived through thermal probing for devices at
(@A = 1.55 pm and (b)A = 980 nm. Conduction and convection terms are
Tt — Tamt shown as dotted line§?,.4 is measured using an optical power meter.
sur amb

(Tsurf - Tamb)O (5)
. is close to previously reported values for geometrically similar
tahrﬁsr(]j;':jermmeZT through thermal measurement belonnP-baged laser diod_es that were measured by dif_ferent me'Fhods
' or predicted theoretically [9], [11], [12]. Small discrepancies
may be due to thermal gradients in the heat sink [as shown in
Fig. 1(a)] which lead to a nonisothermal boundary condition.
To quantify heat exchange in actual devices, we examine tWsing (4), we measurd.gh to be 1.8x10™° W/K. Although
semiconductor laser diodes: a ridge-waveguide InP-based der is unknown, an estimate that assumes one-dimensional heat
vice that has a small top contact area and an oxide-stripe Gaf\ew (77 ~ Z1P k = 68 W/mK) yields Aeg ~ 150x 500 pm?
based device that has a large contact area. We begin with énelh ~ 2.4 x 10" W/m?K, the latter of which is comparable
former, a 15x 500 um? five quantum-well INnGaAsP—InP laserto reported experimental values for micron-scale semiconductor
emitting atA = 1.55 pm that sits atop a 10pm-thick InP  devices [13].
substrate that is mounted on a largex(3 x 0.4 cn?) gold- Having determined quantitatively the parameters for heat ex-
plated copper block heat sink. The copper block is cooled frothange, we can plot the contributions of the various mecha-
below by an external Peltier cooler, and a thermistor located apsms at different bias levels, as shown in Fig. 2. While con-
proximately 5 mm from the laser is used for heat-sink feediuction is the dominant term, the convected power is the same
back control. To perform temperature measurements, we wsder of magnitude as the radiated power. Also shown are re-
25 x 25 um? NIST-traceable microthermocouples that have asults for a 30« 500m? oxide-stripe InGaP-InGaAs—GaAs de-
accuracy of 200 mK and a resolution of 10 mK. Surface temice operating alh = 980 nm that has a top contact size of
peratureTy,, s is measured directly on the top surface contadi00x 500,:m? and a GaAs substrate thickness of 100. The
and heat-sink temperatuifg; is measured on the heat sink apsame setup is used in both cases, &d;.s = 0.9 Q as be-
proximately 50um from the substrate and just outside the lighore. For the GaAs device, we measfe = 16.3 K/W and
path. Surface temperature is measured at several locations dpgh = 8.4 x 107° W/K. The smallerZr and largerA.gh
averaged; the variation across the surface is less than 200 miith respect to the InP device are most likely due to heat con-
Fig. 1 shows experimental data for this laser structure. Vdeiction into the large metal contact; the InP contact is only
measure a series resistance of 0.9n the wires of thelV’  15x 500.m? and is connected to a side contact pad. Estimating
power source and take this into account by setfiig= IV’ — Z; ~ ZP as before, we find thatl.¢ =~ 225 x 500 pm? and
I? Ryeries. Although the thermistor is maintained at 1C, the h ~ 7.5 x 10 W/m?K for the GaAs ¢ = 55 W/mK) de-
large-area cooler is unable to effectively control the heat-sinice. The larger effective area is consistent with the larger con-
temperature near the laser. In Fig. 1(b), we seeM¥aexhibits tact size, and the greater heat transfer coefficient is most likely
a kink at threshold due to the sudden increase in radiated povare to a more even temperature profile across the broad, high
By plotting the right side of (5) versus/” and fitting the slope thermal conductivity contact, or possibly due to a greater sur-
below threshold, we determingér to be 19.6 K/W. This value face roughness in the metal [8].

ZrIV = AT — AT,

IV. EXPERIMENTAL DETERMINATION OF HEAT FLOW
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20 20
15~ Direct Optical Power Meter 7 10 Direct Optical Power Meter: V. CONCLUSION
< . A - =0.315 mMW/mA & o . .
% 10 X Convection pal o T By utilizing microthermocouple probes, we have experimen-
= "|ONoConvection 4 oo Convection: tally quantified heat flow through the pathways of conduction,
g ° oo 1°10 7y = 0.314 MW/mA convection, and radiation in two optical devices, and have de-
S0 X -20t _ No Convection: ~°] termined approximate values of the effective area and the heat
- (o) '] . . .
5 o -30 flg = 0353 mW/mA oo transfer coefficient that are used in modeling convection heat
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10 40 exchange. Convection is often a nonnegligible effect and its ab-
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Current (mA) Current (mA) sence in thermal models can result in errors in the measurement
of thermal impedance of approximately 14%. The numerical
Fig.3. Optical power as directly measured by a detector and as derived throtﬁgﬁ)dels that are normally employ_ed to pre_zdlct_parameters such
thermal probing for devices at (3) = 1.55 um and (b)A = 980 nm. The asZr and1j for a packaged device can likewise suffer errors
elimination of convection from the _thermal ‘model causes the error in outpifom the assumption of an isothermal heat-sink boundary con-
power shown as well as a substantial errozip. dition, which we have shown to fail in certain common geome-
tries.

In order to verify the accuracy of the experimental data, we By carefully accounting for all heat pathways, we have shown
plot IV — Qconda — Qeonv @and compare it to measurements takehow this technique may be used for the nondestructive wafer-
directly using an optical power meter. As shown in Fig. 3, thecale testing of optical devices. The location of lasing threshold
technique of thermal probing can be used to accurately measigreasily determined through temperature measurements, and
the optical power output of the laser diodes. In Fig. 3(a), w&ht output power can be calculated to within a few percent. No
model the InP laser both with and without convection includeatior knowledge of material parameters, geometry, or even light
in the thermal model. In the zero-convection case, (5) becomeavelength is necessary; all parameters are obtained experimen-
ZrIV = AT, the heat balance of (1) requires that heat cotally. This method also shows promise for the determination of
duction must rise accordingly, ari- is reduced to 17.1 K/W. other laser parameters suchvasp and for application to other
Disregarding convection entirely, thus, results in an erro&fer devices such as optical amplifiers.
of 13%.
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