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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
device, we can develop new design strategies for thermal stabiliza-
tion. Here we present a comprehensive model for heat exchange
between a semiconductor laser diode and its environment that in-
cludes the mechanisms of conduction, convection, and radiation.
We perform quantitative measurements of these processes for sev-
eral devices, deriving parameters such as a laser’s heat transfer co-
efficient, and then demonstrate the feasibility of thermal probing
for the nondestructive wafer-scale characterization of optical de-
vices.

Index Terms—Integrated optoelectronics, lasers, laser thermal
factors, nondestructive testing, semiconductor device testing, semi-
conductor device thermal factors, semiconductor lasers, thermal
variables measurement.

I. INTRODUCTION

T HERMAL MANAGEMENT is a critical issue in the per-
formance of semiconductor laser diodes and other opto-

electronic devices. Characteristic parameters such as device ef-
ficiency, stability, and lifetime are strongly dependent on oper-
ating temperature [1]–[3]. While internal heating and cooling
sources such as recombination, Joule heating, and thermoelec-
tricity have been studied extensively [4]–[6], external heat ex-
change models that describe the transport of energy to and from
a device have focused primarily on the mechanism of thermal
conduction [5]. Analysis of convective effects has been very
limited [7].

Here, we present a comprehensive model for external energy
exchange that examines other pathways such as convection and
radiation. By taking into account all such mechanisms, we un-
cover design strategies for temperature control as well as arrive
at a method for the wafer-scale testing of the light power of pho-
tonic integrated circuits that relies only on noninvasive thermal
measurement.

II. EXTERNAL HEAT EXCHANGE

There are three mechanisms by which a device can exchange
heat energy with its environment: conduction, convection, and
radiation [8].

Conduction occurs across a temperature gradient through
atomic vibrations and collisions in which no translational
motion of the individual particles takes place; it is thus typical
of solids. The heat equation that governs steady-state thermal
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conduction in a region with thermal conductivity is given
by , where is the power generated per unit
volume. For quasi one-dimensional heat flow in a source-free
region, the temperature difference between a boundary
heat source and a point within the region can be approximated
using a thermal impedance model as , where

is a geometry-dependent impedance and is the power
generated by the source [5].

Convection occurs across a temperature gradient in which
heat energy is transferred by the translational motion of indi-
vidual particles; it is thus typical of fluids. The heat transferred
by convection from a planar source surface of areaand tem-
perature to a surrounding fluid at temperature is
given by , where the heat transfer
coefficient depends on parameters such as the fluid’s velocity
and specific heat and the nature of the fluid–surface contact.

Radiation occurs when carriers transmit electromagnetic
waves; this energy can be acquired by the carriers thermally
(as in blackbody radiation) or through electrical pumping (as
in optoelectronic devices). For typical device temperatures, the
blackbody term is small, but for optical devices such as laser
diodes, the radiated power due to electrical pumping can be
significant.

III. H EAT EXCHANGE BALANCE FOR A LASER DIODE

In the steady state, the power generated by a device is bal-
anced by the power removed from the device and we can write

(1)

For a laser diode, we can write the radiated power below and
above threshold as

(2)

where the external differential efficiencies and are de-
vice-dependent and represent the fraction of recombining car-
riers that contribute to, respectively, spontaneous and stimulated
emission.

For a semiconductor laser diode structure composed of a thin
active region in contact with a thick substrate that also contacts
a heat sink, we consider the typical case in which recombina-
tion and absorption are restricted to the vicinity of the active
region and Joule heating in the substrate is small. Under these
conditions, the bias power that is injected at the contacts is
almost completely dissipated near the active region [9]. We can
write the heat exchange balance for the laser diode, accounting
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for conduction through the substrate, convection from the top
surface, and radiation from the active region as

(3)

where is measured between the top sur-
face electrical contact and the heat sink [10]. Due to lateral heat
spreading, the area over which convection occurs is larger
than the top contact area; however, we assume that it is small
enough that air flow remains laminar and convection is propor-
tional to . Simple two-dimensional finite-element
simulations that maintain constant heat sink and ambient tem-
peratures confirm that total convected power remains propor-
tional to surface temperature at different heat source magnitudes
and, therefore, that does not vary with injected power in this
approximation.

At zero bias ( ), convected and conducted power balance
and (3) can be solved to give

(4)

Below threshold, assuming a low level of spontaneous emission,
we can now write

(5)

and determine through thermal measurement below
threshold.

IV. EXPERIMENTAL DETERMINATION OF HEAT FLOW

To quantify heat exchange in actual devices, we examine two
semiconductor laser diodes: a ridge-waveguide InP-based de-
vice that has a small top contact area and an oxide-stripe GaAs-
based device that has a large contact area. We begin with the
former, a 15 500 m five quantum-well InGaAsP–InP laser
emitting at m that sits atop a 100-m-thick InP
substrate that is mounted on a large (43 0.4 cm ) gold-
plated copper block heat sink. The copper block is cooled from
below by an external Peltier cooler, and a thermistor located ap-
proximately 5 mm from the laser is used for heat-sink feed-
back control. To perform temperature measurements, we use
25 25 m NIST-traceable microthermocouples that have an
accuracy of 200 mK and a resolution of 10 mK. Surface tem-
perature is measured directly on the top surface contact
and heat-sink temperature is measured on the heat sink ap-
proximately 50 m from the substrate and just outside the light
path. Surface temperature is measured at several locations and
averaged; the variation across the surface is less than 200 mK.

Fig. 1 shows experimental data for this laser structure. We
measure a series resistance of 0.9in the wires of the
power source and take this into account by setting

. Although the thermistor is maintained at 17C, the
large-area cooler is unable to effectively control the heat-sink
temperature near the laser. In Fig. 1(b), we see thatexhibits
a kink at threshold due to the sudden increase in radiated power.
By plotting the right side of (5) versus and fitting the slope
below threshold, we determine to be 19.6 K/W. This value

Fig. 1. (a) Measured temperatures of laser surface, heat sink, and ambient air.
Thermistor set temperature is also shown. (b) Measured�T and direct optical
power meter measurement.

Fig. 2. Heat exchange terms as derived through thermal probing for devices at
(a)� = 1:55 �m and (b)� = 980 nm. Conduction and convection terms are
shown as dotted lines.Q is measured using an optical power meter.

is close to previously reported values for geometrically similar
InP-based laser diodes that were measured by different methods
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.
Using (4), we measure to be 1.8 10 W K. Although

is unknown, an estimate that assumes one-dimensional heat
flow ( , W mK) yields m
and 10 W m K, the latter of which is comparable
to reported experimental values for micron-scale semiconductor
devices [13].

Having determined quantitatively the parameters for heat ex-
change, we can plot the contributions of the various mecha-
nisms at different bias levels, as shown in Fig. 2. While con-
duction is the dominant term, the convected power is the same
order of magnitude as the radiated power. Also shown are re-
sults for a 30 500 m oxide-stripe InGaP–InGaAs–GaAs de-
vice operating at nm that has a top contact size of
100 500 m and a GaAs substrate thickness of 100m. The
same setup is used in both cases, and as be-
fore. For the GaAs device, we measure K W and

10 W K. The smaller and larger
with respect to the InP device are most likely due to heat con-
duction into the large metal contact; the InP contact is only
15 500 m and is connected to a side contact pad. Estimating

as before, we find that m and
10 W m K for the GaAs ( W mK) de-

vice. The larger effective area is consistent with the larger con-
tact size, and the greater heat transfer coefficient is most likely
due to a more even temperature profile across the broad, high
thermal conductivity contact, or possibly due to a greater sur-
face roughness in the metal [8].
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Fig. 3. Optical power as directly measured by a detector and as derived through
thermal probing for devices at (a)� = 1:55 �m and (b)� = 980 nm. The
elimination of convection from the thermal model causes the error in output
power shown as well as a substantial error inZ .

In order to verify the accuracy of the experimental data, we
plot and compare it to measurements taken
directly using an optical power meter. As shown in Fig. 3, the
technique of thermal probing can be used to accurately measure
the optical power output of the laser diodes. In Fig. 3(a), we
model the InP laser both with and without convection included
in the thermal model. In the zero-convection case, (5) becomes

; the heat balance of (1) requires that heat con-
duction must rise accordingly, and is reduced to 17.1 K/W.
Disregarding convection entirely, thus, results in an error for
of 13%.

Since is small for the InP laser, the zero-bias power con-
vected into the device is likewise small (6 mW), and
is approximately proportional to . For this reason, the con-
vection and zero-convection models differ by only a constant
6 mW (although their values of are different). In the case
of the GaAs laser, however, the zero-bias power convected into
the device is larger ( 29 mW) and a simple reduction in
does not capture the bias dependence of the convection term. In
Fig. 3(b), we model the GaAs laser with the convection term as
well as with a zero-convection model. As before, the elimination
of convection from the model reduces to 14.0 (an error of
14%), but now there is an additional bias-dependent error. This
can be demonstrated by calculating the laser’s differential effi-
ciency above threshold . By including the bias dependence of
the convection term, the error in is reduced from 12% to less
than 1%. The differential quantum efficiency changes
from 27.9% to the directly measured value of 24.8%. It is worth
noting that the largest error reduction is at high bias values. For
the InP laser, the error in is 5%.

This technique shows promise as a means for the nonde-
structive wafer-scale testing of photonic integrated circuits for
which detectors are unavailable or are unable to be placed in
the light path, such as the case of a laser that is laterally cou-
pled into a waveguide electro-absorption modulator [14]. A sim-
ilar method has been proposed recently, which makes use of
thermoreflectance microscopy of a laser’s facet [15]. While this
method utilizes the same general technique of relating device
temperature to optical output, it is not applicable to wafer-scale
testing. The advantage of the technique proposed here is that
a simple setup may be used in a nondestructive way (that does
not require calibration) on many different devices during normal
operation.

V. CONCLUSION

By utilizing microthermocouple probes, we have experimen-
tally quantified heat flow through the pathways of conduction,
convection, and radiation in two optical devices, and have de-
termined approximate values of the effective area and the heat
transfer coefficient that are used in modeling convection heat
exchange. Convection is often a nonnegligible effect and its ab-
sence in thermal models can result in errors in the measurement
of thermal impedance of approximately 14%. The numerical
models that are normally employed to predict parameters such
as and for a packaged device can likewise suffer errors
from the assumption of an isothermal heat-sink boundary con-
dition, which we have shown to fail in certain common geome-
tries.

By carefully accounting for all heat pathways, we have shown
how this technique may be used for the nondestructive wafer-
scale testing of optical devices. The location of lasing threshold
is easily determined through temperature measurements, and
light output power can be calculated to within a few percent. No
prior knowledge of material parameters, geometry, or even light
wavelength is necessary; all parameters are obtained experimen-
tally. This method also shows promise for the determination of
other laser parameters such as and for application to other
devices such as optical amplifiers.
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