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ABSTRACT

Single stage heterostructure coolers based on thermoelectric and thermionic cooling in p type
InGaASsP superlattice structures have been fabricated and characterized. The effect of ambient temperature
and the device size have been studied. Experimental results showed 0.5 degree centigrade cooling below
the ambient temperature at 25C. This cooling over 1 mm thick superlattice barrier corresponds to cooling
power densities on the order of 200 W/cn. The device cools by a factor of two better at higher
temperatures (70C). Thisis due to the reduction of the superlattice thermal conductivity and the broadening
of the electronic distribution function at higher temperatures. 150x150 unf devices provide largest cooling
at room temperature while the optimum device size shrinks as the temperature increases. Simulations
results that take into account finite thermal resistance of the InP substrate, the effect of the contact
resistance, heat generation in the wire-bonds and metallic pads on top of the device predict accurately the
optimum cooling of these micro refrigerators. By eliminating the major parasitic sources of heating
(reducing the contact resistance to 5x107 ohmcn?, and optimizing the metallic contacts on top of the
devices), simulations show that one can achieve up to 15°C cooling (10's of kW/cnf cooling power) with
single stage p-InGaAsP thin film coolers.
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1. INTRODUCTION

Temperature stabilization of optoelectronic components lasers, filters, switches, etc. is of increasing
importance in many high-speed and wavelength division multiplexed fiber-optics communication systems.
Heat generation and thermal management in very large scale integrated VLSI circuits is becoming one of
the barriers to further increase clock speeds and decrease feature sizes. Solid -state coolers integrated with
devices is an attractive way to solve some of these problems. This means alternatives to thermoelectric
cooling using Bi, Tes, the current industry standard, must be found. A solution isto use thermionic emission
in heterostructures, a technique that can give significant cooling in conventional materials such as AlGaAs,
InGaAsP, or SiGe.>? In this letter, we investigate experimentally and theoretically the thermal behavior of a
single stage Ptype heterostructure thermionic cooler. The conventional thermoelectric effect is based on
bulk properties of materials®> When electrons flow from a material in which they have an average transport
energy smaller than the Fermi energy to another material in which their average transport energy is higher,
they absorb thermal energy from the lattice and this will cool down the junction between two materials. In
an alternative method, thermionic emission current in heterostructures can be used to achieve evaporative
cooling by selective emission of hot electrons over a barrier layer from cathode to anode.***® Since the
energy distribution of emitted electrons is ailmost exclusively on one side of the Fermi energy, upon the



current flow, strong carrie—carrier and carrierlattice scatterings tend to restore the quasi-equilibrium
Fermi distribution in the cathode by absorbing energy from the lattice, and thus, cooling the emitter
junction.

2. EXPERIMENTAL CHARACTERIZATION

In order to investigate experimentally thermoionic emission cooling in heterostructures, a single
InGaAsP super lattice barrier surrounded by p*-InGaAs cathode and anode layers was grown using metal
organic chemical vapor deposition (MOCVD). Cathode and anode layer thicknesses were 0.3 and
0.5mr and and the whole structure was doped to 1x10*° cmi®. Mesas with an area of 90x180 2 were

etched down using dry etching techniques. Ni/AuGe/Ni/Au was used for top and lottom contact
metallization. The barrier itself consists of 1 micron thick superlattice (each period is 10nm InGaAs/ 5nm
INnGaASsP barrier with | oo = 1.3mm). In conventional multi-element TE-coolers, cascading of alternate pn-

junctions provides the way to send current to an array of coolers electrically in series and thermally in
parallel. This way keeps the cooling region far from the joule heating of wire and probes. But in single
stage HIT cooler, one has to find a way to send the current to the top of the device. This may be done
simply by using a wire bonded to the top contact, but this heats up the device and significantly reduces the
cooling power density. An alternate way would be through a side contact with a metal strip connecting the
wire bond to the top contact. This keeps the wire bond heat far from the device. This metal strip should be
electrically isolated from the bottom of device, so a layer of Silicon-Nitride is deposited underneath. One
can see from Fig.1-athat this layer has another benefit which is taking the joule heat of metal down to the
substrate as well. It seems this side contact has everything that one may want! Experimental results and
data analysis of initial devices showed that this layer bypasses the wire bond heating quite well to the heat-
sink, but provides a way to transfer the substrate heat to top contact as well. This will be discussed more in
the next section.

Temperature measurements are performed for different size coolers at several stage temperatures. A
micro-thermocouple with 25um wire and 50 um tip diameter was used to measure the temperature on top of
the device. The device is on a temperature-controlled stage and current is injected through the top contact
into the device.

Figure-2 shows the cooling, which is the temperature difference between the top contact and the heat-
sink, vs. current. There are various parameters that make the measured data to deviate from ideal behavior.
For example the thermocouple on top contact acts as a load connected to the room temperature and makes
the cooling results substantially worse for smaller devices. Fig.2-a shows the results at room temperature
and Figs. 2-b and 2c are for the cooling at 50°C and 70°C respectively. It turns out that the cooler is
working better at higher temperatures, which is quite useful since it makes a negative feedback when used
to stabilize the temperature of aload.

3. THEORETICAL MODELING

In acooler there are in fact only three sources of cooling against nine sources of heating in the device!
Thermoelectric cooling terms are the Seebeck effects in metal-cap layer and in bottom (or buffer) layer-
substrate junctions. Thermionic cooling term is at the cap-barrier layer. Assuming small current densities,
they are all linearly dependent on current:
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where g _and s _are the Seebeck coefficients of metal-cap and bottom layer-substrate junctions

DQ=-S,.Tl- S.Tl-(,+

respectively. Sources of heating are joule heating in the ohmic contact, probe, cap, barrier, bottom layer,
and the substrate. The other two “sources of heat” are the ambient heat conduction through the
thermocouple contact and the stage heat conduction through the substrate. The last two effects make a zero
current temperature difference between the top and bottom contacts, which are not showed in the
experimental and simulation curves due to the normalization to zero cooling temperature at zero current.
The actual cooling is the temperature difference with respect to that at zero current. The last one is the heat



released in bottom layer by the hot electrons that are coming from the cap layer over the barrier. Thin film
cooler works only when its parameters are optimized and outside this range it is nothing but an effectively
resistive heater. With optimum current, the cooler is able to provide cooling capacities on the order of
couple hundreds W/cn?
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Figure 1: (a) Device structure showing some important thermal and electrical resistancesin the device.
(b) Schematic diagram of the device model.



Fig. 1-b shows the schematic diagram of our model. Resistors represent thermal resistances. QAul, QAu2,
Qcap, Qd, Qb, and Qsub are different current sources modeling joule-heating terms in the two metal strip
sections, cap, superlattice, buffer layer, and substrate respectively. Qc, Qsl, and Qs2 are for the different
cooling terms of thermionic emission, Seebeck effect at cap-metal junction, and Seebeck effect at bottom
(or buffer) layer-substrate junction respectively. Qh is the thermionic heating term, and Tstage and Tamare
fixed voltage sources modeling the stage and ambient temperatures. One can show that the joule heating of
a resistive media with homogenous heat distribution could be put in the middle of it like an electric current
source. Point C is on top of the sample where we are interested to know the temperature. Fig.3 shows
results for different sizes at different stage temperatures. It turns out that there are three dominant effects
heating up the top contact. First one is the ohmic contact resistance of metal-cap interface. The second one
is the joule heating inside the substrate, and the third one is the side conduction from the stage through the
substrate, silicon-nitride layer and the metal strip of the top contact. We deposit the silicon nitride to make
the top metal pad electrically isolated from the bottom, but this layer provides a thermal contact between
the top contact and the bottom as well. Side conduction is actually an edge effect that conducts the heat
from the buffer layer and substrate to the top or takes the heat from the top metal strip and the top probe to
substrate.

Hence, one-dimensional simulation of SIN heat conduction effects is not possible, and we utilized an eight-
resistor network for atwo-dimensional model of the heat flow in this part.
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The analysis shows that for small devices, the thermocouple is the dominant limiting factor. It is
providing thermal contact through heat conduction to ambient and largely reducing the overall cooling of
small devices by reducing the slope of cooling vs. the current. For large devices the optimum cooling
occurs at higher currents. Since the heating terms are quadratically dependant on current while cooling
terms are linearly dependant, parasitic heating terms (such as contact resistance) reduce the cooling in large
devices more than in small devices in which the optimum current is less. As a result, we expect to havea
better cooling in small devices, but since the two effects of side conduction and thermocouple heat load are
larger for smaller devices and therefore there is an optimum size that turns out here to be around 2500 unf.
This result is valid when the heating of the top contact probe does not affect the device (i.e. probe more
than 200-300 um away). Adding this term makes the curves somewhat change depending on the distance of
the probe from the top contact. That explains the disordered trends in experimental results compared to the
simulation results.

Theoretical modeling of this device predicts that by reducing ohmic contact resistance down to 0.5* 10°
& W-cn? and by eliminating side-conduction and substrate joule heating, it is able to cool down over 15
degree which corresponds to cooling power densities over 50 kW/Cn¥. Figure 4 shows the predicted
curves. Thermocouple effect is excluded in the calculations here.
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Figure 4. Predicted coolingcurrent curves for different device sizes at room temperature.



4. Conclusion

Heterostructure single-stage coolers based on thermoelectric and thermionic coolings in ptype
InGaAsP have been fabricated and characterized. Theoretical simulation that takes into account physical
properties of mater, as well as the device geometry and non-ideal effects agree very well with the measured
data Cooling power densities of about 4.5 kW/cn? and 2.5 kW/cn? have been achieved at room
temperature and 70 degree centigrade respectively. Increase of barrier thermal resistance and broadening of
electron distribution are the two main reasons for a better cooling at higher temperature. There are nine
heating factors limiting the cooling power of the device. Simulation shows the main limiting factors top are
metal-InGaAs contact resistance and the side conduction through the insulating silicon nitrade layer. Thisis
the layer isolating the cold side contact from the substrate. Prediction from the simulation shows with the
reduction of ohmic contact to 0.5e-6 ohmcnt and with the elimination of side conduction, cooling power
densities in the order of 50 kW/Cm? can be obtained from P-type InGaAsP coolers.
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