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Abstract

A 3D electrothermal model was developed to study the
InP-based thin film Ings3Gag47As/IngspAlg4sAs superlattice
microrefrigerators for various device sizes, ranging from
40x40pum’ to 120x120pm> We discussed maximum cooling
and cooling power densities for current devices, analyzed the
non-idealities of current devices and proposed an optimized
structure. The simulation results demonstrated a maximum
cooling of 3°C with cooling power density over 300 W/cm®
with an optimized structure based on the current device
geometry. Furthermore, we also demonstrated that a
maximum cooling, over 10°C with power density over 900
W/em?, could be possible when the current figure of merit of
InGaAs/InAlAs superlattice is enhanced five times with the
non-conserved lateral momentum. Besides monolithic
integration, we also propose a flip-chip bonded solution to
integrate these microrefrigerator with the optoelectronic
chips. Preliminary 3D electrothermal simulation will be
present to analyze its cooling effects for this 2-chip
integration model.
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Nomenclature
ZT  Figure of merit no unit
S Seebeck coefficient pV/K

c Electrical conductivity (ohm-cm)’

k thermal conductivity =~ W/mK

delta T Temperature lower than ambient K or °C
Y Cooling power density W/cm®

Tmax  Maximum cooling temperature K or °C

T, Cold side temperature K or °C

AQ  Effective interface heating/cooling power W

I Supplied current to microrefrigerator mA

1. Introduction

Current trends in optoelectronic devices are to increase the
speed, multi-wavelength operation and increase the level of
integration. Lasers and optoelectronic devices are very
sensitive to temperature. Heating in the laser’s active region
can reach values on the order of kW/cm® and the subsequent
temperature rise can shift the wavelength, reduce output
power and decrease the device’s lifetime !'\. The temperature
dependence wavelength shift is on the order of 0.1 nm/°C!.
The channel spacing in Wavelength-Division-Multiplexing
(WDM) is only 0.2~0.4nm. Thus a few degrees temperature
change could result in thermal crosstalk. Currently, Bi,Te;
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bulk thermoelectric coolers are being widely used in
optoelectronics to realize temperature stabilization. However
its low efficiency, low cooling power density and bulk size
limit their applications . Since 1980s thermal designers have
been looking for new cooling solutions that could be
monolithically integrated with lasers.

In 1984, Hava et.al. ") observed a 2°C temperature change
on a GaAs/GaAlAs laser diode when it monolithically
integrated with a n+ GaAs substrate thermoelectric elements
at 6A current. He concluded that the benefit of improved
cooling through heat spreading by metallic layer, however the
additional advantage of Peltier-effect cooling is minimum
because of the relatively small ratio of Seebeck coefficient to
thermal conductivity for Ga;  AlAs alloys. In 1985, Dutta et.
al.” achieved a 2.5°C temperature change on a InGaAsP laser
diode when it monolithically integrated with a n-InP substrate
thermoelectric elements at S0mA current. In 1991, Berger et.
al.!® reported a 7. 5°C temperature change on a GaAs/AlGaAs
vertical-cavity surface-emitting laser when it monolithically
integrated with a n+ GaAs substrate thermoelectric elements
at 100mA current. However all these results were not
convincing since there is no direct temperature measurement
data, the temperature changes were converted by the
wavelength shift of the light emitted from the laser diode. The
temperature stability of the laser and accuracy of
photoluminescence characterization will both affect the
temperature data. More importantly, in a three-terminal device
geometry, current sent to the substrate could affect the bias
condition of the laser and thus its wavelength!”. For example
the 7.5°C temperature change reported by Berger et. al. might
be inaccurate. According to the Peltier coefficient and
resistivity data that they reported in the paper, we could
calculate that the maximum power factor (S’c) was 1.45x10
W/m*K? for n-GaAs with doping concentration of 1¥10'7 cm®
3. Refer to the thermal conductivity data reported by S. Hava
and R. Hunsperger *), we could calculated the figure of merit,
ZT=S* o/k °. With the known ZT, we could estimate the
maximum cooling temperature of this material in the ideal

1
situation by the equation, 7 = EZT 62 1. Thus, we find

out that the material that Berger et. al. worked on could only
achieve a maximum cooling temperature of 3.3°C at ideal
situation, when considering the contact resistance and other
non-ideal factors, the maximum cooling will be further
diminished.

Recently, the InP-based superlattice microcooler
experimentally demonstrated maximum cooling up to 2.5°C
with cooling power density ~100 W/ecm® at room temperature
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(1011121 The enhanced cooling power density was achieved by
adding a few pums of superlattice layer (InGaAs/InGaAsP).
Superlattice could reduce cross-plane thermal conductivity
lower than alloys due to the increased phonon scattering */.
Furthermore, the superlattice layer acts as an energy filter in
the thermionic emission process, thus enhancing the hot
electrons filtering. Jizhi Zhang et. al. ' also fabricated
Al 1GayoAs/Aly,GaggAs n-type superlattice
microrefrigerators, which cools 0.8°C at 25°C and 2°C at
100°C for a 60x60um® device. No cooling power density
results reported on their devices. All these results
demonstrated a promising trend in the thermoelectric field by
introducing the low-dimensional confinement structure as
superlattice, quantum dots etc !'*).

In this paper, we will discuss the maximum cooling and
cooling power densities of InGaAs/InAlAs superlattice
microrefrigerators including non-ideal factors and propose an
optimized structure to improve the cooling, at the same time,
we will also propose two possible integration solutions,
monolithic growth, and two-chip flip-chip bonding. A 3D
eletrothermal models using ANSYS™ U8 was used to
evaluate the preliminary results.

2. Device Structure and 3D electrothermal model

The  heterostructure-integrated ~ thermonic ~ (HIT)
microrefrigerator ~ consists of a  superlattice layer
Ing 53Gags7AS/Aly52Gag sgAs, lattice matched to an n+-InP
substrate (330um-thick), and a 0.3pum-thick InGaAs layer
highly doped (1el9cm-3) InGaAs used as buffer layer and
cap layer for top and bottom contacts. The superlattice
contained 25 periods of 5nm thick InGaAs n-doped with
doping concentration of 3e19 ¢m™ and 3nm thick undoped
InAlAs. The whole structure was grown using molecular
beam epitaxy (MBE). Devices were fabricated using
conventional lithography, dry etching and metallization
techniques. Ni/AuGe/Ni/Au was used to make ohmic contacts
to both electrodes. Figure 1 shows a schematic cross-section
view of the device. Figure 2 shows the device structure with
fine meshing in a 3D electrothermal model.

In our ANSYS™ model, bulk Joule heating and heat
conduction are automatically calculated by solving current
continuity and heat conduction equations. We treat the
thermionic  emission cooling process as interface
cooling/heating effects, which were calculated in a linear
transport region by AQ =(S1-S2)-T-I at both the metal-

superlattice and superlattice-substrate interfaces. S1 and S2
are the effective Seebeck coefficients for materials on the two
sides of the junctions: for the metal-superlattice interface,
S1=Spetats  S2=Sgupertatiice;  for  the  superlattice-substrate
interface, S1=Sgperiattice» S2=S. T is the ambient temperature
and I the supplied current. Table 1. lists material properties
that we used in the simulation. The cross-plan thermal
conductivity of the superlattice was measured by Prof.
Majumdar’s group at UC Berkeley """ The Seebeck
coefficient data was also experimentally measured. "*1 A
detailed description of the 3D electrothermal model could be
found in reference.!'”!
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There are two methods we could use to integrate the
microrefrigerators with optoelectronic devices. One is to
monolithically grow the optoelectronic module on top of the
microrefrigerator, which could benefit all the cooling that a
single microrefrigerator could create. The second method is to
flip-chip  bond the optoelectronic  module and
microrefrigerator together, which we called the two-chip
integration model (illustrated in Figure 3). In our model, we
create a microrefrigerator chip and a 600x400um’
optoelectronic chip. We flip-chip bond the two modules
together with a 3um gold interface and a 0.3pm SiNy
insulating layer. At the target-cooling area, the optoelectronic
device’s active region, we apply heat flux to simulate the
heating generated by an optoelectronic device’s active region.
For convenient calculation, we make the heat flux size equal
to the microrefrigerator device size.

Top metal contact layer
Ni/AuGe/Ni/Au

cap layer
Highly doped InG:

Side metal contact

Superlattice layer

InGaAs/InAlAs SiNx insulating layer

Ground Contact buffer layer
Highly doped
InP Substrate InGaAs
~350pm

Figure 1 A cross-section view of the device geometry
(drawing not to scale for best illustration only)

SO
R

R,

Figure 2 HIT microcooler with fine meshing in a 3D
electrothermal model, right corner enlarged picture to
illustrate the fine meshing in superlattice region
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Thermal Conductivity
Bottom Top
Metal InP | Contact| SL |Contact
Unit | layer | SiNx [Substrate| layer | Layer | Layer
W/mK 72 1 68 6.7 6.7 6.7
Resistivity
Ohm—cm‘l.OOe—OS‘ 1000 | 0.006 | 0.001 ‘ 0.001 ‘ 0.031

Table 1Materials parameters for InGaA/InAlAs superlattice
microrefrigerator

3um Au-interface
s 50um Optoelectronic
chip

Optoelectronic chip
.

InP substrate

Target cooling region

aRs/ InAlAs supeclattice device cooling

Figure 3 The two-chip integration model of microrefrigerator
with optoelectronic module

3. Maximum cooling and cooling power density

The performance of the microrefrigerator was evaluated in
terms of maximum cooling temperature and cooling power
density in all experiments and simulations below.

The maximum cooling we discuss in this paper refers to
the temperature difference between the microrefrigeratore top
surface (T.) and the heatsink (T,) (AT=T;-T.). To verify the
simulation model, the maximum cooling for various device
sizes were also experimentally measured with two Omega™
E-type thermocouples, one on top of the microrefrigerator,
and the other on top of the InP substrate, which was placed on
the temperature controlled copper stage with thermal grease.

The cooling power was defined as the heat that the
microreferigerator could take at the point maximum cooling
equals to zero. The cooling power density equals the cooling
power divide by the device area.

4. Results and discussion

4.1. Current device cooling (simulation vs. experiments)
In Figure 4, we could see a good correspondence between
the simulation and experiment, which ensures the accuracy of
the model. Furthermore, we also investigated cooling power
densities of these devices with the current model, as
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illustrated in Figure 5. For current experimental devices, we
could expect a cooling power density ranging from 25 W/cm®
to 135 W/em? for device size, 40x40pum” to 120x120pm’.
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Figure 4 Experimental versus simulated cooling for various
device sizes (individual dots are experimental measurement
results, curves are simulated results)
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Figure 5 Simulated maximum cooling temperature versus

applied heatflux for various device sizes, and cooling power
densities (CPD) are also given in the graph

4.2. Improved device cooling

From Figure 4 and Figure 5, we found out that the cooling
of the device is very limited, ~0.8°C though the cooling power
density is over 100 W/cm®. From the simple calculations that
we mentioned in the introduction part, we knew that the
maximum capacity of these devices would be in the order of
3~4°C. Obviously, the non-ideal factors greatly diminish the
maximum cooling of the device. We could use the 3D
electrothermal model and optimize the structure to reduce
these non-idealities.
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First, we study the superlattice thickness and we find that
thicker superlattices have higher cooling. Figure 6 illustrates
the maximum cooling that we could achieve if we increase the
superlattice thickness to 10um and keep all the other
parameters the same. The maximum cooling of devices
increases two times over the current device.
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Figure 6 Improved (base on Figure 4 results) maximum
cooling with increased 10pum-thick superlattice layer
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Figure 7 Slightly improved (base on Figure 4 results)
maximum cooling with reduced metal/semiconductor contact
resistance

Second, we investigate the parasitic influence of metal-
semiconductor contact resistance. From the experience of
Si/SiGe superlattice microrefrigerator devices, we know this
contact resistance is the bottleneck. For the Si/SiGe
superlattice  microrefrigerator, reducing this contact
resistance, the maximum cooling of microrefrigerator could
be doubled (from 4.5°C to 9°C) "), Tt is interesting to find out
that reducing the metal-semiconductor contact resistance from
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2 2

le-6 ohm-cm™ to le-8 ohm-cm™ for this device only
improves cooling by ~10% as illustrated in Figure 7.

Third, we also check the side contact resistance influence
on the microrefrigerator cooling by reducing the side contact
resistance to one tenth of its original value. Since the side
contact resistance and its thermal conductivity was
constrained by Wiedemann-Franz law, process conditions and
material properties, the changing range is very limited. When
we decrease the electrical resistivity, we had to increase the
thermal conductivity at the same time. Thus it generates less
Joule heating but the heat is easier to superimpose on top of
microrefrigerator cooling region. From Figure 8§, we found
that the side contact resistance does not improve the cooling
for small devices but it almost double the cooling for larger
device, as 120x120pm®. It might because the contact probe is
larger for large devices.
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Figure 8 Improved (base on Figure 4 results) cooling with
reduced side contact metal resistance

When we put the above three factors together, thicker
superlattice, lowering metal contact resistance and lowering
side contact resistance, the overall optimized cooling effect is
illustrated in Figure 9. We made these three changes since we
know that these improvements could be achieved by
improving the superlattice growth technique and device
fabrication processes. With these improvements, the
maximum cooling could achieve 3°C for device 40x40pum’
and 1.5°C for 120x120um’ device, which is close to the
theoretical limit, 4°C, which we calculated from

| QU
T... =—ZT, for this material. Besides the improvement on

maximum cooling temperature, the cooling power densities
also increase significantly. The large cooling power density
makes it promising for hotspot cooling, removing the hot
spots from very small local area and spreading them into the
big substrate. Figure 10 illustrates the simulated cooling
power density of all device sizes of this optimized device as
compared with the original experimental devices. As we
could see, the maximum cooling power density is increased
three times for the larger device 120x120pum” but less than
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two times increment for the small device size 40x40pum®. This
non-monotonic change will be further investigated in future
work.
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Figure 9 Improved cooling with higher superlattice layer
(10pum), reduced metal/semiconductor contact resistance and

reduced side metal contact resistance
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Figure 10 Simulated cooling power densities versus device
sizes for optimized superlattice devices as compared with the
current experimental devices

Another parasitic non-ideal factor that we could consider
is the Joule heating from the substrate. Figure 11 illustrates
the maximum cooling that we could achieve if we remove the
InP substrate and put the superlattice device directly on a
copper plate. We noted that by removing the substrate, the
cooling improvement for a larger size device is more
significant than smaller devices. As illustrated in Figure 11,
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the 120x120pm’ device will have comparable cooling to the
small device, like 40x40um®. The optimized device size is
also increased to 60x60um’® with a maximum cooling ~4°C.
However, it requires more electrical power to reach the
maximum cooling. For example, the Ilargest device
120x120pum2 requires 1.6A to reach its maximum cooling
3.5°C as compared with 0.6A to reach 1.5°C with substrate.
These are all the factors that we need to consider while
optimizing the device and applying them to hotspots. Actually
if we prefer monolithic growth laser structure directly on top
of microrefrigerator, we still need keep the InP-substrate.

However, all the results presented above are not the limit
capability of  heterostructure  integrated  thermionic
microrefrigerator. According to the recent simulation result
(20211 " \ve could improve the device power factor five times if
we could introduce the non-conserved lateral momentum with
a higher doping in the superlattice layer. This could be
achieved by growing quantum dot layers at the superlattice
interface layers. If we include this power factor improvement
in our 3D eletrothermal model, it is interesting to find out that
the small size 40x40pum® microrefrigerator could cool up to
14°C with a cooling power density exceeding 900 W/cm?;
even the largest device 120x120um’ could achieve a
maximum cooling of 6°C with cooling power density of 275
W/em?, as illustrated in Figure 12 and Figure 13. It is
important to note that such significant cooling power density
is achieved with less than 1A current, which makes it a highly
efficient microrefrigerator and promising candidate for
optoelectric device cooling.
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N
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Figure 11 Improved cooling by removing InP substrate

(improvements based on Figure 9 results)
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Figure 12 Improved cooling with non-conserved lateral
momentum in the superlattice layer and with higher doping

(improvements based on Figure 9 results)

o . 1 1
0 200 400 1000

1000

T T T T T T T
r910
Lateral momentum

non-conserved with i
high doping ]

800 |

600 i
| 500
400 - . ) ]
00 I Original devi ith ]
i optimized structure &
195 ]

150 ]

200
I 120

Simulate Cooling Power Density (W/cm2)

0 [ T NS SR I R
2000 4000 6000 8000 110*1.210%.410*
Device Area (um2)

Figure 13 Improved cooling power densities versus device

sizes with non-conserved lateral momentum as compared with
the optimized device in Figure 9

4.3. Two-chip Integration model simulation results

All above sections discussed the cooling effects that we
could achieve if we monolithically grow the laser structure
directly on top of the mirorefrigerator and if the current could
uniformly applied to the cooler device™. However,
monolithic integration might be complicated when
considering all the growth conditions. Another easy option to
utilize the mcirorefrigerator is to directly flip-chip bond the
optoelectronic chip on top of the microrefrigerator as two-
chip integrated model. We did a preliminary evaluation based
on our current device geometry and integration model
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illustrated in Figure 3. This model might not be the optimized
structure, which is used as a concept demonstration. From the
maximum cooling and cooling power density results in Figure
14 and Figure 15, we noticed that most of the cooling has
been lost in the interface layer. The optimized device model
had a maximum cooling of 3°C, however, it only cools 0.4°C
after integrating with the optoelectronic module. It is also
noted that after it is integrated with optoelectronic module,
larger devices cool better at the target-cooling region than the
smaller ones. This is opposite to the trend for individual
microrefrigerators. The great loss also reflects on the cooling
power density reduction. For the optimized structure, the
cooling power density reduces to ~50 W/cm® compared to the
200 W/cm?® without optoelectronic module, which means only
one quarter of the cooling power is used effectively to cool
our targeted cooling region. We could improve the cooling
power density to 910 W/cm2 for non-conserved lateral
momentum superlattice samples, but this only provide
300W/cm” at the target region in the flip-chip bonded module,
where only one-third of the power is utilized. When we flip-
chip bond the microrefrigerator with the optoelectronic
devices, there are many system issues we need to address. At
this point, the low COP (or ZT of the material) is not the main
limiting factor. The more important is the additional thermal
resistance due to the integration of microrefrigerators. A more
complete system level analysis on integration Si/SiGe
superlattice microrefrigerator with microprocessors is studied
in an upcoming paper. ! At the same time, another point
worth mentioning here is the definition of AT: in our paper,
for the convenience of experimental measurements, we refer
AT as the microrefrigerator cooling AT lower than ambient,
normally, on an operating die, AT refers to the temperature
difference turn on and off the refrigerator. Through

simulations **!, we found out the definition of AT lower than
ambient actually underestimates ~30% of its cooling
capability on the operating die.
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Figure 14 Simulated cooling at targeted cooling region in
integrated model with optimized device with maximum
cooling illustrated in Figure 9
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Figure 15 Simulated cooling power densities versus device
sizes for optimized device structure (Figure9) as compared
with non-conserved lateral momentum superlattice structure
(Figure 12)

5. Conclusions

We built up a 3D electrothermal model to simulate the
InP-based InGaAs/GaAlAs superlattice microrefrigerator
using ANSYS finite element analysis method. We analyzed
the non-ideal factors, including metal/semiconductor contact
resistance, side contact resistance, and substrate Joule heating.
The original-designed device could experimentally achieve a
maximum cooling of ~0.8°C with a cooling power density of
135 W/em®. The optimized device structure could achieve a
maximum cooling of 3°C with a cooling power density of 195
W/em?®, with an increased superlattice height to 10um,
reduced metal/semiconductor contact resistance, and reduced
side contact resistance. Furthermore, if we could introduce
non-conserved lateral momentum in the superlattice structure
with the use of embedded quantum dots, the device could
demonstrate a maximum cooling of 14°C with a cooling
power density of 910 W/em®. If we monolithically grow the
optoelectronic device on top of these microrefrigerators, this
maximum cooling could be achieved. However, when we use
two-chip flip-chip bonded integration model, the interface
materials have been the bottleneck limiting the
microrefrigerators ability to cool the target hotspots on
optoelectronic module. With the current 3um Au-interface
together with 0.3um-SiN; insulating layer interface, only one-
forth to one-third of the cooling power could reach the
hotspots, 5S0W/cm2 with the current optimized superlattice
structure and 300 W/cm® for lateral momentum non-
conserved superlattice sturcutre. How to efficiently integrate
the microrefrigerator chips with the optoelectronic module
will be next step research primary task.
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