Scripta Materialia 128 (2017) 57-60

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

=
Scripta MATERIALIA

Regular Article

Impact of diamond seeding on the microstructural properties and thermal

@ CrossMark

stability of GaN-on-diamond wafers for high-power electronic devices

Dong Liu *P, Daniel Francis ¢, Firooz Faili ¢, Callum Middleton ?, Julian Anaya ¢, James W. Pomeroy ?,

Daniel J. Twitchen ¢, Martin Kuball **

@ Center for Device Thermography and Reliability, H.H. Wills Physics Laboratory, University of Bristol, Bristol BS8 1TL, United Kingdom

b Department of Materials, University of Oxford, Oxford 0X1 3PH, United Kingdom
¢ Element-Six Technologies, Santa Clara, CA 95054, USA

ARTICLE INFO ABSTRACT

Am'Cl_e history: The impact of seeding of the diamond growth on the microstructural properties of GaN-on-diamond wafers was
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the manufacture of GaN-on-diamond wafers with no microscopic defects and with structural stability under

thermal annealing at 825 °C. The use of the right seeding conditions also results in homogeneous thermal prop-
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erties across four inch GaN-on-diamond wafers, which is of critical importance for their use for ultra-high power
microwave electronic devices.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

AlGaN/GaN-on-diamond microwave devices have demonstrated at
least three times higher power density than devices grown on SiC sub-
strates [1,2]. Since GaN-on-diamond substrates were first demonstrated
[3], various groups have shown that diamond as substrate permits a
more compact device design, enabling reduced gate finger spacing com-
pared to devices on SiC substrates [1,4,5]. This allows for a dramatic
shrinkage in monolithic microwave integrated circuits (MMIC) or
power amplifier (PA) size and hence an increase in their efficiency
through the removal of lossy combining networks. All this is due to
the thermal conductivity of diamond, as high as 2000 W/mK at 300 K
compared to 450 W/mK for SiC, which improves the waste heat extrac-
tion from the active device area [6]. The AlIGaN/GaN layers in AlGaN/
GaN-on-diamond devices typically originate from a qualified epitaxy,
for example grown on Si substrates. Diamond growth or wafer-bonding
is then used to replace the original substrate [1,7,8]. To enable large-
scale integration (>four inch wafers), the diamond is grown on the N-
face of the (Al)GaN epitaxial layers, using a thin dielectric layer to
allow the seeding of the diamond onto the GaN [1]. This makes the
GaN/diamond interface the critical region to be optimized in order to
maximize the performance of devices. In recent years significant im-
provements in the thermal transport properties of the GaN/diamond in-
terface have been achieved; for example the optimization of the GaN/
diamond interfacial dielectric layer and the improved thermal proper-
ties of diamond near its nucleation site at the GaN/diamond interface
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[9-11]. As a consequence of these advances in understanding, it is
now considered possible to achieve the best device characteristics by
further optimizing the thermal transport at and/or near the GaN/dia-
mond interface. This can be realized by adjusting the grain size of the di-
amond crystallites to be as large as possible near the nucleation region
for maximized thermal conductivity [11] while the dielectric layer
used to seed the diamond is kept as thin as possible to minimize its ther-
mal resistance [9]. A straightforward strategy to adjust the grain size,
targeted in this work, which has not been explored previously, is to
modify the size of the diamond seeds used to grow the diamond under-
neath the GaN epitaxial layers. However, this strategy might influence
the integrity of the GaN/diamond interface by promoting the formation
of defects and voids which may impact the thermal and mechanical
properties of the interface which is unknown. We emphasize that the
mechanical properties are extremely crucial for the reliability of the ma-
terial [12] since this interface is prone to be affected by the significant
coefficient of thermal lattice expansion (CTE) mismatch between the di-
amond and the GaN. In this letter, the implication of different diamond
seeding strategies, namely using larger and smaller seeding nanoparti-
cles, on the ultimate microstructure, thermal properties of GaN-on-dia-
mond wafers and its reliability are addressed. We demonstrate that
GaN-on-diamond materials can be free from microscopic defects and
have good homogenous thermal performance, however, this can only
be achieved if an appropriate diamond seeding approach is used.

For the GaN-on-diamond wafers studied, AIGaN/GaN heterostructures
grown on Si substrates by metal-organic chemical vapor deposition
(MOCVD) were used as the starting material. A SiN dielectric layer
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Fig. 1. Scanning electron microscope (SEM) images of as-manufactured GaN-on-diamond grown with 100 nm diamond seeds showing (a) lines of dark dots on the surface of GaN denoted
as type A defects; (b) voids at the GaN/diamond interface underneath a typical dark dot in (a); (c) cracks are formed on the surface of GaN along the dark dots after 825 °C annealing, and

(d) the interfacial voids are more pronounced after annealing.

was deposited on top of the structure to protect the device layer surface.
The Si substrate and the AlGaN strain relief layer were then removed; a
post grind and lap clean step was used to ensure that there is no residual
AlGaN prior to the deposition of a 30 nm thin amorphous dielectric layer
by low-pressure CVD for diamond seeding. As diamond growth is in a
harsh environment with atomic hydrogen and high temperatures, the di-
electric layer protects the GaN during this process. Diamond nanoparticles
with two different average sizes, 30 nm and 100 nm diameter, were used
for the seeding of the diamond growth, respectively. For the 30 nm
seeding, seeding density was better than 1 x 10! cm™2; for the
100 nm seeding, the density was about 1 x 10'® cm™2. In both cases, a
100 pm thick diamond layer was grown using microwave (MW) plasma
CVD. Further details on the GaN-on-diamond structure and sample fabri-
cation can be found in Ref. [11]. As-manufactured samples, and samples
annealed at 825 °C in nitrogen (temperature ramped up in 90 s, hold for
20 s, then cool down to room temperature over a period of 60 s) were
studied since this is an annealing condition typically used during the pro-
cessing of devices for ohmic contact formation.

Characterization of the wafers was undertaken in a FEI Helio
NanoLab 600i Dualbeam workstation. In particular, trenches were
etched into the wafer by focused Ga™ beam at a number of locations
to create cross-sections of the GaN-on-diamond structure; a voltage of
30 kV and current of 6.5 nA was used, and this was followed by a final
cleaning step with a much lower current, 48 pA. Cross-sections of the
GaN-on-diamond structure were then reviewed and the microstructure
characteristics evaluated by scanning electron microscope (SEM) imag-
ing. All these cross-sectional images were taken at a stage tilt of 52° to
allow the in situ observation of the surface features as well as the
cross-sections. In addition, the thermal properties of the GaN-on-dia-
mond wafers were mapped by transient thermoreflectance and corre-
lated to local microstructural features. A heating pulse from a 355 nm
frequency-tripled Nd:YAG laser (3.49 eV, i.e., above GaN bandgap)
was absorbed into the GaN, with a pulse duration of 10 ns inducing a
surface temperature rise. The resulting change in surface reflectance
was monitored by a continuous wave (CW), 532 nm frequency-doubled
Nd:YAG laser to track this temperature rise. From this the thermal
boundary resistance (TBRe¢) of the GaN/diamond interface could be de-
termined. Heating and probe laser spot sizes were 60 pm and 2 pum re-
spectively. Further details on this technique can be found in Ref. [13].

In general, for specimens grown with 100 nm diamond seeds, two
types of defects were observed; denoted in the following as Type A
and Type B. Type A, as shown in Fig. 1, appear as dark dots on the surface
of the as-manufactured material under SEM imaging. These dots tend to
follow straight lines and some are randomly distributed, Fig. 1a. Focused
ion beam milling was used to cut trenches across these dark dots to

reveal the cross-sectional features. It was found that these dark dots cor-
respond to voids at the GaN/diamond interface, Fig. 1b. Some of these
voids are of a size equivalent to the thickness of the full GaN layer
(900 nm in this case), i.e. penetrate to the surface (through-holes),
while others are much smaller and remain concentrated at the GaN/di-
amond interface. After annealing at 825 °C, however, a larger number of
these dark dots was found on the surface; cracks also formed, Fig. 1c,
usually aligned with a line of dark dots, but they can deviate at defined
angles. FIB cross-sectioning on these annealed samples indicates that
with annealing (Fig. 1d) local debonding occurred; the interfacial
voids have grown in size. In addition to an interfacial GaN/diamond
debonding at the sites of the voids, other factors such as residual stress-
es in the GaN layer may have contributed to the propagation of cracks
along cleavage planes of the GaN. Small voids also formed inside the di-
amond near the interface at these locations. Type B defects are nano-
sized pinholes in the dielectric layer at the GaN/diamond interface in
the as-manufactured material, Fig. 2a. In some areas, cavities along the
interface form with ‘teeth-like’ features between GaN and the diamond
layer, Fig. 2b. These features are observed in both as-manufactured sam-
ples and after annealing.

As the dark dots (Type A defects) are mostly arranged in lines, this
strongly suggests a mechanical abrasion process damaging the dielec-
tric seed layer when the 100 nm diamond seeds are deposited. When
the material structure is subsequently exposed to the diamond growth
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Fig. 2. SEM images showing FIB milled cross-sections of (a) pinholes at the dielectric layer
between the GaN and the diamond in as-manufactured material grown with 100 nm
diamond seeds (type B defects, marked by arrows; insert is a picture of the pinholes at a
larger magnification) and (b) cavity at GaN/diamond interface with teeth-like features.
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