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Abstract. Active refrigeration of optoelectronic components through the
use of monolithically grown thin-film solid-state coolers based on 1lI-V
materials is proposed and investigated. Enhanced cooling power com-
pared to the thermoelectric effect of the bulk material is achieved through
thermionic emission of hot electrons over a heterostructure barrier layer.
These heterostructures can be monolithically integrated with other de-
vices made from similar materials. Experimental analysis of an InP pin
diode monolithically integrated with a heterostructure thermionic cooler is
performed. Cooling performance is investigated for various device sizes
and ambient temperatures. Several important nonideal effects are deter-
mined, such as contact resistance, heat generation and conduction in
the wire bonds, and the finite thermal resistance of the substrate. These
nonideal effects are studied both experimentally and analytically, and the
limitations induced on performance are considered. Heterostructure in-
tegrated thermionic cooling is demonstrated to provide cooling power
densities of several hundred W/cm?. These microrefrigerators can pro-
vide control over threshold current, power output, wavelength, and maxi-
mum operating temperature in diode lasers. © 2000 Society of Photo-Optical

Instrumentation Engineers. [S0091-3286(00)02511-3]
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1 Introduction thermoelectric(TE) coolers; however, since integration

Optoelectronic devices such as laser sources, switching/Vith Optoelectronic devices is difficuftcomponent cost is
routing elements, and detectors require careful control over 9r€atly increased because of packaging. The reliability and
operating temperature. This is especially true in current lifetime of7packaged modules is also usually limited by the
high-speed and wavelength division multiplex&¥DM) TE cooler. _ _
optical communication networks. Long-haul optical trans- AN alternative solution to thermal management needs is
mission systems operating around 15 typically use to mcorporate.heterostructure. mteg_rated thermlqmtT)
erbium-doped fiber amplifier€EDFAS and are restricted  refrigerators with optoglectronlc.de\_nc%%.'l_' hese thin-film

in the wavelengths they can use due to the finite bandwidth CO0lers use the selective thermionic emission of hot elec-
of these amplifiers. As more channels are packed into thistrons over a heterostructure barrier layer. This evaporative
wavelength window, the spacing between adjacent Chan_c.oollng occurs because the hot' electrons that are on one
nels becomes smaller and wavelength drift becomes verySide of the Fermi energy are emitted. So as to maintain the
important. Temperature variations are the primary cause of quasiequilibrium Fermi distribution, lower-energy electrons
wavelength drift, and also affect the threshold current and absorb thermal energy from the lattice at the junction. The

output power in laser sources. Distributed feedbdakB) emitted electrons then redeposit their energy after passing
lasers and Vertica|-cavity Surface-emitting |adM§SEL§ over the barrier. Since these thin-film coolers can be made
can generate large heat power densities, on the order ofwith conventional 1ll-V semiconductor materials, mono-
kW/cn?, over areas as small as 100m?! Typical lithic integration with optoelectronics is possible. The result

temperature-dependent wavelength shifts for these laserof this integration is an extended component lifetime and a
sources are on the order of 0.1 nm/°C. Therefore a tempera-very fast cooling response due to the small thermal mass of
ture change of only a few degrees in a WDM system with a the cooler. Furthermore, standard integrated-circuit batch
channel spacing of 0.2 to 0.4 nm would be enough to fabrication techniques can be used to manufacture these
switch data from one channel to the adjacent one, and evercoolers, whereas TE coolers use a bulk fabrication process.
less of a temperature change could dramatically increaseAnother advantage of a HIT cooler is the dramatic gain in
the crosstalk between two channels. In many optoelectroniccooling power density.

applications this temperature dependence is used to actively To demonstrate monolithic integration of a device with a
control the characteristics of the device, as in optical fifters HIT cooler, a simple InRin diode was grown on top of a

or switches** In other instances large absolute cooling is 1-um-thick InGaAs/InGaAsP HIT cooler. Cooling perfor-
desired, as in IR photodetector§emperature stabilization ~mance was investigated for various currents through the
or refrigeration is commonly performed with conventional diode, which corresponds to effectively changing the ther-
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) ) ) ) Fig. 2 Setup for measuring the temperature of the integrated diode
Fr'19- 1 Scrz:mnlpgde_zlzctron m|crofgrri1aph (SENR'OIE a proceslsed device versus the current through the cooler (/.) and the diode (/p). Here
showing the pin diode on top of the 1-um-thick HIT cooler. Rpy, Rpp, and R are the wire bond resistances.

mal load. After discussing the measurements, the nonidealwhereRp; andRp, are the wire bond resistancge, is the
parasitic effects are identified and examined. These resultscontact resistivity, and\; is the area of the metal contact
are then used to predict the effectiveness of HIT-cooler on the cooler. If Eq(1) is rearranged to solve forp as a

integration with diode lasers. function of I ¢, then the resulting expression is equal to the
measured voltage minus some constant values and minus a
2 Device Structure value that changes with respectltg, that is, p.lc/Ac.

Therefore, to correctly measure the temperature on top of
the device, the contact resistivity must be determined. Once
Vp is known, the temperature can be calculated using the
temperature dependence of the diode voltage at a constant
current as given above.

The thermionic heating and cooling are proportional to
the current and can be expressedthe limit of Boltzmann
statisticg as

The tested HIT cooler structure consisted of arh-thick
superlattice barrier(25 periods of 10-nm InGaAs and
30-nm InGaAsPA=1.3um) surrounded byn* InGaAs
cathode and anode layers grown by metal-organic chemical
vapor depositiofMOCVD). The cathode and anode layers
were 0.3 and 0.fum thick, respectively. On top of these
layers, a 0.85:m-thick pin diode was grown during the
same MOCVD growth. In two wet etching steps, two
stacked mesas are defined corresponding to the diode on

top of the cooler, as shown in Fig. 1. The cooler mesas QT|=(¢B+
ranged in size from 2040 to 100< 200um?, and the di-

ode size was one-half the cooler size. Ti/Pt/Au was used to ) ) ) ) ) )
make ohmic contacts to both the and n-type material. ~ Where g is the heterojunction barrier heigtits is Boltz-
The substrate was thinned to approximately 126 before ~ Mann’s constant, aneis the charge of an electrdrSince
the back-side metal was deposited. The integrated devicesc00ling is linearly proportional to current and Joule heating

were then cleaved, packaged, and wire-bonded for testing.iS Proportional to the square of current, the temperature
versus current is described by a second-order polynomial.

This can best be seen from the expression for overall cool-

@)

2T)
e |

3 Measurement ing power:

The diode serves two purposes in the measurement. By

changing the current through the diode we can effectively pd , B

change the heat load of the cooler. Also, by monitoring the 1=Qm— A_c le— HAT' 3

voltage across the diode, we can measure the temperature

on the cold side of the cooleT,c. The temperature sensi- wherep is the electrical resistivity of the cooled, is its
tivity of the diode near room temperature was determined thickness,8 is the thermal conductivity between hot and
to be 1.936 mV/°C at a bias of 1 mA. The measurement cold junctions, and\T is the temperature difference across
setup is illustrated in Fig. 2. A constant currehpX was  the cooler. When this expression is solved fof, the
sent through the diode, and the diode voltayg X was  terms in the second-order polynomial are apparent.
monitored as the cooler currerlty) was varied. The resis-

tors of Fig. 2 represent the parasitic wire bonds, which add 4 Results

to the heat load on the device. The measured voltage can bey girect way of measuring the temperature of the device is

expressed as to use a microthermocouple. Device A from Fig. 3 shows
the temperature versus current for the cold side of a 70

o . .
Vy=(Rp1+Rp2)lp+Vp+ ﬁ(|D+ lo), (1) X 140um* cooler that had the integrated diode removed by
c selective wet etching. The temperature data was curve-
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Fig. 3 Measured cooling versus cooler current using a microther-
mocouple for a well-packaged device (curve 1), and using the inte-
grated pin diode with poorer packaging (curve 2). Both device areas
were 70X 140 um?.

fitted with a second-order polynomial, resulting in a linear
coefficient of 3.53°C/A and a quadratic coefficient of
3.37°C/A. Since this cooler structure was identical to the
one with the integrated diod@evice B, the two devices
should have the same linear coefficient. The quadratic co-
efficient, on the other hand, may differ, since Joule heating

is dependent on processing variations such as contact resis

tance, packaging, and wire bonding. Consequently the con-
tact resistancepgc) can be determined from Edl) by
adjusting its value until the linear coefficients match. Using
this method, device B from Fig. 3 also shows the tempera-
ture versus current for the cold side of a cooler with an
integrated diode biased at 1 mA. The performance is much
worse, due to poorer packaging and a higher contact resis
tance. For device B the contact resistance was determine
to be 4.4<10 ® Q cnm?. The contact resistance for device A
was measured by the transmission-line mbdahd was
estimated to be roughly>$10~ 7 Q cm?. Knowing the con-
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Fig. 4 Cooling versus excess heat load density. The points are ex-
perimental data, while the linear curve fit corresponds to Eq. (3).

be attributed to the shorter wire bonds. The wire-bond
length should not be too short, however, or else the heat
conduction through the wire from the cold side to the heat
sink will begin to become an issue. An optimum wire
length can be determined from the wire’s diameter, its elec-
trical and thermal conductivities, and the temperature dif-
ference across the wire bond. Figure 5 shows this analysis
for a gold wire (25-um diametey with various values of
current and cooling temperature, assuming that the package
side of the wire bond is well heat-sunk. For long wire
bonds the Joule heating dominates the cooling power loss,
and curves with a similar current approach the same value.
For short wire bonds the heat conduction dominates, and
curves with a similar temperature difference approach the

"same value. In between these two extremes there is an op-

imum wire bond length for a given current and tempera-
ture difference.

It is useful to examine the magnitudes of the various
sources of heat that are contributing to the total applied

tact resistance, the current through the diode was increasedihermal load. Figure 6 shows the heat load density versus
and the temperature versus cooler current was again mea-

sured. Each time the diode current was changed, the tem-
perature sensitivity was recalibrated. By changing the diode
current, the heat load is changed. Figure 4 shows the maxi-
mum cooling on top of the device as a function of heat
load. The dependence of cooling on the heat load density
can be described in a similar manner to that of a thermo-
electric device?
. Q )
QI max ,

whereT. is the cold-side temperatur®, is the heat load
density, andTl ¢ ax @aNd Q) max @re the corresponding maxi-
mum values. From Fig. 4 we find that the maximum cool-
ing was 0.39°C, and the maximum heat load density was 93
W/cn?, considering only heat generation by the diode. In
addition to the diode there is a constant heat load due to the
two wire bonds attached to the diodB; andRp,), and , _ _ _

. Fig. 5 Cooling power lost versus gold-wire-bond length for various
an(?ther heat |an due to tr_‘e wire bond to the codRe)( bias currents and temperature differences. The electrical and ther-
which changes with changing cooler current. In fact, much mal conductivities of gold were assumed to be 455
of the improvement from device B to device A in Fig. 3can x10*Q~*cm™ and 3.17 W/cm K, respectively.

10

AT =5K

LNAT= 1K
107} :
I1=0.5A

QW)

Te=Tc max ( 1 ) AT = 0.4K

[

10°F 1=0.15A

107

Ly (um)

10

Optical Engineering, Vol. 39 No. 11, November 2000 2849



LaBounty et al.: Monolithic integration of thin-film coolers . . .

(\%\ 100 T T T T Fa 100 T T T
§ 8
% 80 B % 80 | i
‘A 60 1 % 60 [ 1
5 g 1
a a
9 40 g o 4or 1
&
Q Q
s &
e Pl
o . . \ ) fa : .
0 1 2 3 4 5 0 50 100 150 200
L4 (mA) L. (mA)
(a) (®)

Fig. 6 (a) Heat load density for the diode versus diode current. (b) Heat load density from the wire
bond (curve 1) and from the contact resistance (curve 2) versus cooler current.

the respective current bias for the dominating sources of heterojunction barrier. The other reason is the reduced ther-
heat. For small temperature differences, it was assumed thatnal conductivity of the barrier material, cutting the amount
approximately one-half the heat generation in the wire of heat that returns to the cold junction.
bonds arrives at the device, while the other half goes to the
hea_lt sink. The h(_eat generation due to the dlo_de contactg Application to Optoelectronics
resistance and wire bonds connected to the diode is not ) i o .
shown, since it was several orders of magnitude smaller The benefits of integrated thin-film cooling for optoelec-
due to the small value of the diode current. At the optimum tronic devices can be discussed in three regimes, described
cooler current bias of 160 mAdevice B from Fig. 3, there as temperature tuning, heat pumping, and absolute cooling.
is 47 Wicn? of heat load density due to the wire bond In the first regime the temperature is to be tuned by a mod-
connected to the device. and an additional 18 W/de to erate amount to control the operating characteristics such as
the contact resistance. Using these values, the actual maxithe emission wavelength in a laser diode. In a laser diode
mum heat load density was 158 W/&m operating near or above lasing threshold, most of the heat is
The smallest coolers yielded the largest absolute cool- 9énerated in the vicinity of the active region due to
ing. Since a smaller device requires less current to achieveNonradiative _ recombination and = absorbed radiative
the same temperature gradient, there is less current forrecombinatiort: " Since there is a finite thermal resistance
parasitic Joule heating from the wire bonds and contact P&tween the active region and heat sink, the temperature of
resistance, and the overall cooling is larger. Increasing the € active region will be greater than that of the heat sink.
heat-sink temperature resulted in a further increase in cool- 1 Nis thermal resistance is mostly due to the substrate un-
ing. Figure 7 shows the maximum cooling increasing from dérnéath the laser for in-plane geometries, and a combina-
1.15 to 2.25°C when the heat-sink temperature was raisedtion of the substrate and bottom mirror for vertical cavity
from 20 to 90°C. One reason for the improvement is the 9eometries. By using the integrated cooler, the active-
larger thermal spread of carriers at higher heat-sink tem- F€gion temperature may be controlled more precisely and

peratures, which allows for more carriers to pass over the 'apidly, as the distance to the cooler can be as small as a
few microns and the mass of the cooler is comparable to

that of the laser. This is also true in other optoelectronic
devices such as filters and switches. Many of these devices
make use of Bragg gratings or nonlinear waveguides,
where it is important to maintain the temperature at a cer-
tain value to achieve the desired phase-matching condition.
In many of these cases, the cooler would often be operated
in reverse bias to heat as well as cool the device.

The active region in a typical diode laser can reach tem-
peratures more than 70°C above the heat-sink temperature.
In this regime the microrefrigerator does not need to cool
the laser below the heat-sink temperature, but only needs to
provide high heat pumping densities. If the conventional
cold side of the cooler is actually hotter than that of the heat
sink, then the heat conductidthird term in Eq.(3)] is in

Cooling (°C)

0 200 400 600 800 1000 the opposite direction and larger cooling power densities
I (mA) are possible. For example, if the active region of a DFB
laser with a temperature-dependent wavelength shift of 0.1
Fig. 7 Measured cooling at heat-sink temperatures of 20 and 90°C. nm/°C can be cooled to the heat-sink temperature, then a
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tuning of 7 nm should be possible. This wavelength shift 5.
could also be used to monitor the temperature of the active
region, providing yet another way to characterize the thin-
film cooler’s performance. Similarly, the output power fora 6.
typical DFB laser changes by approximately 0.4 dB/°C.
Temperature sensitivity in other kinds of laser diodes is
typically much greater. Broad-area Fabry-Perot devices op- 7.
erating in the red and near-IR spectral regions typically
have wavelength sensitivities of 0.5 nm/*Qesulting in a
larger tunability. Furthermore, if the temperature of the ac-
tive region could be kept close to that of the heat sink, then
the maximum operating temperature of the laser would be 9.
equal to that of the heat sink. Keeping the temperature of

8.

the active region close to that of the heat sink would also ;.

inevitably extend the lifetime of the laser. Finally, with a
cooled active region, the carrier leakage out of the separate
confinement heterostructure layers would be reduced, re-
sulting in a lower threshold current.

The last regime considered is that of large absolute cool-

ing. If substantial cooling below the heat-sink temperature 12.

is desired, simulations with better-optimized structures and
packaging have predicted single-stage cooling of 20 to
30°C with cooling power densities of several thousand

W/cn?.1® This better performance would not only enhance 14-

their utility in the above-mentioned applications, but also

allow for use in such applications as IR lasers and photo- 15,

detectors.

6 Conclusions

Monolithically integrated cooling of optoelectronic devices
with thin-film solid-state coolers has been demonstrated.
Cooling power densities of several hundred W/owere
measured with an integrated Irgin diode and a 1zm-
thick InGaAs/InGaAsP HIT cooler. The wire bonds and
contact resistance were determined to add significantly to
the heat load density and must be minimized in an opti-
mally packaged device. Integration of coolers with diode
lasers grown from similar materials is possible, and it
should be suitable for significantly controlling the charac-
teristics of the laser sources by manipulating the cooler
current. More generally, these monolithically integrated
thin-film coolers should have wide applications in any op-
toelectronic device where it is beneficial to control the op-
erating temperature.
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