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Diamond cools high-power transistors

Synthetic CVD-grown polycrystalline diamond has fantastic heat-conducting
properties. Inserting a thin layer underneath a GaN HEMT can halve this
transistor's operating temperature and substantially increase its maximum
output power, says a team of researchers at California's Group4 Labs.

The vacuum tube amplifier is a technology threatened with extinction. Silicon LDMOS is
already preferred for low-frequency, low-power applications and the hold that the vacuum
tube has on the higher-frequency, higher-power applications could soon slip away.
Although thesetubes are still employed in amplifiers usedin radar systemsand satellite
communications, there is an everincreasing threat from wide-bandgap technologies that
are delivering impressive, improved performance characteristics.

Next-generation SiCand GaN amplifiers are expectedto deliver output powers of
hundreds of watts at frequencies beyond 10GHz. This will make these devicesan attractive
option in various markets, including amplification for mobile-phone base-stations, satellite
communications and high-power phasedarray radar systems. The primary advantagesof
these solid-state devices, much like their silicon brethren, are smaller sizes, cooler
operation and suitability for integration into complex systems.

Transistors are already being deployed in increasing numbers in smaller areasand ever
more complex systems. Radar systems, for example, can now employ more than
50,000 distinct amplifiers. This miniaturization requires modules that combine high
performance with compactnessand createssignificant heat-managementissuesat the
transistor and system level.

Smaller devices, such as FETSs, present the greatest challenge for heat removal. These
transistors, which are the primary workhorse of the microwave power industry, contain
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sub-micron heat sourcesthat produce large temperature drops in the immediate
proximity of the heat source b the regions around the gates and contacts. Traditional
approachesfor removing heat from these devicesare basedon external heat sinks.
However, these only have a marginal impact on the temperature drops within 1!m of the
heat source, sothere is a lot of room for improvement in thermal management.

The only practical way to improve heat flow from a sub-micron source is to spread it into

the material surrounding the source. Placing materials with very high thermal

conductivities close to the active region can achieve just this, and it occurs when SiC, a
good heat conductor, is used as the substrate for GaN device growth. However, GaN-on-SiC
devicesare very expensive,while even better thermal managementis possible by turning

to a more powerful thermal conductor B synthetic diamond.

CVD-grown synthetic polycrystalline diamond has the best thermal conductivity of any
naturally occurring substance known, with the exception of prohibitively expensive
single-crystal diamond. Although the value for thermal conductivity depends on the quality
of the diamond, it is in the range 12D15W/cm®K,PL which is up to four times ashigh as
that of SiC. This meansthat synthetic diamond can act asan exceptionally efficient heat
spreader, by itself or in combination with other materials.

Figure la
In many applications, athin diamond layer can produce an adequateimprovement in

transistor thermal management. For example, calculations show that a 100!m thick
diamond layer can cut a SiC device's peak temperature by up to 50% (seeresults in
figure 1a),or commensurately produce 50% more power than a SiC substrate device.
Measurements on real devicesback up this claim of improved thermal management, and
those made by Lester Eastman's group at Cornell University show a substantial reduction
in device operating temperature for a given power output.

Figure Ib
Substrateswith a CVD diamond layer are also competitive from a cost perspective b the

price of a GaN-on-diamond FET epiwafer is very similar to a GaN-on-SiC equivalent. This

12/4/07 8:42 PM



Diamond cools high-power transistors - compoundsemiconductor.net http://compoundsemiconductor.net/cws/article/magazine/31593

cost, coupled with excellent conductivity, makes this substrate a very attractive platform for
wide-bandgap transistors.

Diamond platforms

CVD diamond is polycrystalline, soit is unsuitable for epitaxial growth and GaN epilayers
must be transferred onto this material from another wafer. At Group4 Labs, which is
basedin Menlo Park, California, we have a proprietary processthat cando just this. Our
processremoves GaN epilayers from their original substratesand atomically attachesthem
to smooth CVD diamond wafers (seebox "How to make GaN-on-diamond wafers"). The
most important and innovative feature of this process is that the heat-conductive substrate
ends up just hundreds of nanometers below the transistor's active area. This results in
exceptional heat spreading and conduction away from the heat source, while maintaining
the substrate's electrical isolation and low microwave losses.

&=

We usethree key metrics to assesshe quality of our composite GaN-on-diamond wafers:
bonding yield; wafer bow; and the mobility of the HEMT's 2D electron gas(2DEG).

The bonding yield is defined asthe proportion of the wafer's surface that contains GaN
joined to synthetic diamond free from voids. This is currently evaluated by visual
inspection under a microscope. The quality of the materials' surface preparation governs
the bonding yield, which is typically 95%.

Minimal wafer bow is essential for the high-volume manufacture of GaN-on-diamond
devices.We determined this bow by measuring the total-thickness variation (TTV) across
our wafers with a surface profilometer. If optical lithography is usedfor device processing,
then the TTV should be less than 50!m over a 4 inch wafer, or less than 20!m across a

2 inch wafer. Our state-of-the-art wafers currently exhibit TTV greater than 300 and 50 'm
for 4 and 2 inch wafers, respectively, but these values can be driven down by optimizing
our growth conditions.

Reductions in the HEMT's 2DEG mobility could be caused by dopant or dislocation
diffusion. However, no changesin mobility have beenobservedfrom the transfer of the
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transistor to the diamond platform, according to Hall and photoluminescence
measurements at various temperatures and resistivity maps. Photoluminescence mapping
revealedthat the aluminum composition remains unchangedto within the resolution of
the measurement (<0.75% align="in" align="composition)," align="while"
align="lehighton" align="measurements" align="of" align="the" align="2deg's"
align="electrical" align="conductivity" align="showed" align="a" align="change"

align="of" align="less" align="than" align="0.3%" align="relative" align="to" align="the"
align="as-grown" align="sample." align="p">This evaluation is very promising, but
challenges still remain. In particular, we need to establish the optimal process for
managing the intrinsic diamond stressand the large difference in thermal expansion
coefficients between various materials, which will lead to lower wafer bow. We have
already found that free-standing wafers with thicknessesof 25B35!m can be fragile and
have produced GaN-on-diamond wafers with diamond thicknessesgreater than 90 Im that
have a lower bow. GaN epilayers that are either grown on silicon or attached to diamond
are under tension at any temperature below that used for the processing, becauseGaN's
thermal expansion coefficient perpendicular to the c-axis (3.3! 1096 kP is larger than
that of silicon (2.8 | 10P5KPY or diamond (0.8 ! 10PKPY). We attempt to balance this
tension with a flexible silicon or quartz carrier wafer that has a counter-bowing action and
can absorb the thermal expansion mismatches.

Early device results

GaN HEMTSs incorporating our GaN-on-diamond wafers have already been built by
researchers at the Air Force Research Labs (AFRL), Cornell University and TriQuint. AFRL
announced the first-ever results using this approach late last year, which were produced on
unoptimized GaN-on-diamond materials. The researchers observed clear transistor
behavior and demonstrated that 2DEG characteristics persisted during the transfer from
silicon to free-standing diamond.

Cornell has carried out a side-by-side comparison of GaN-on-diamond and GaN-on-SiC
devices. The GaN-on-diamond devices benefit from a two-fold reduction in junction
temperature, thanks to the superior thermal conductivity of CVD diamond (figure 1b),
basedon DC measurementsthat monitor the device gate temperature with athermal
probe directly over its center. More localized measurements have also been made with a
Thermo Microscopes' AFM-based scanning thermal microscopy system that can reveal the
channel temperature asa function of dissipated power density. The SiC-baseddevice
produced atemperature rise of 12;C/(W/mm), while the diamond-based equivalent
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increased by only 6 jC/(W/mm).

Further characterization of the GaN-on-diamond HEMTSs by Cornell revealed a
unity-current-gain frequency (f,) of 53.4 GHz, a power-added-efficiency of 47%and an
output-power density of 2.79 W/mm at 10GHz. These transistors, which have a gate
periphery of 250 Im, deliver a full-channel current of 1.03 A/mm at a gate-source voltage of
0V, produce a peak transconductance of 376nS/mm and have a contact and sheet
resistance of 0.87Q/mm and 401Q).

TriQuint's GaN-on-diamond HEMTs have a 50 !m gate width, excellent pinch-off
performance, a high current density of 800 mA/mm and peak transconductance of
180mS/mm. At adrain voltage of 10V, these transistors produce an f- of 12.3GHz and a
maximum oscillation frequency of 21.8GHz.

Although GaN-on-diamond HEMT development is still in its infancy, the addition of
diamond is already having a positive impact on transistor performance. It should come as
little surprise that many engineersare starting to consider using this technology for new
applications previously hindered by heat. These include compact low-cost terahertz sources
for X-ray category airport security systems and high-power ultraviolet, blue and green laser
diode sources for storage and lithography systems.

GaN-basedterahertz sourcescurrently have extremely low efficiencies, which limits their
output powers. Ramping up the output power is not necessarily the solution, because this
drives up the power densities on the chip and ultimately destroys the device, unlessit has
superior heat-management capabilities. GaN laser diodes are neededin very
heat-intensive applications, such as optical data storage, biomedical laser treatments, deep
sub-micron lithography, spectroscopic analysis and high-brightness optical displays. These
diodes are temperature-sensitive deviceswith highly concentrated heat sources,but an
exceptionally heat-conductive substrate can improve lasing operation through direct heat
extraction from the heat-generating active junction. This meansthat the active region of
the diode can be maintained at a cool, steady temperature.

In the short term, we will strengthen our GaN-on-diamond wafer products by reducing the
bow in our 2 and 3inch wafers. We will also continue to sample these wafers to our
customers and partners who fabricate various electronic devices. As the quality of
GaN-on-diamond wafers improves in the months to come, the devicesthat usethis
platform will improve and emphasizethe benefit of this highly conductive composite.
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