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Abstract
Reduced performance in Gallium Nitride (GaN)based high electron mobility transistors (HEMTs) as a
result of self-heating has been well-documented. A new
approach, termed “diamond-before-gate,” is shown to
improve the thermal budget of the deposition process
and enables large-area diamond without degrading the
gate metal. NCD-capped devices had a 20% lower
channel temperature at equivalent power dissipation.
INTRODUCTION
As a wide-bandgap semiconductor, gallium nitride (GaN)
is attractive for next-generation power converters. The
capabilities of GaN-based high electron mobility transistors
(HEMTs) to date have been limited by the self-heating effect
(reduction of drain current due to lower carrier mobility
caused by increased phonon scattering at high drain fields),
which has been well-documented in the literature [1-3].
However, attempts to alleviate it have been limited.
Nanocrystalline diamond (NCD) thin-film growth
technology has advanced significantly in recent years [4,5].
NCD films possess unique properties, notably high thermal
conductivity (up to 1300 W/m-K for tNCD > 3 µm) and very
small grain size (~5 nm). Such properties have enabled the
growth of smooth (5-25 nm RMS roughness) layers that can
act as heat spreading device capping layers. Such schemes in
GaN involve growth of AlGaN/GaN on single crystal [6] or
CVD [7] diamond, or capping of fully-processed HEMTs
using NCD [8], [9]. The bottom-side diamond approaches
have faced limitations with substrate size and wafer bow
management, while top-side heat extraction using diamond
capping of fully-processed AlGaN/GaN HEMTs mandates
lower growth diamond temperature, and thus a lower
thermal conductivity, due to the presence of a thermally
sensitive Schottky gate [8].
EXPERIMENTAL
A new approach has been developed, referred to as “gate
after diamond,” which enables large-area top-side diamond
with high thermal conductivity without risking damage to
the Schottky gate [10]. As shown in Figure 1, the diamond is

deposited on a thin nucleation dielectric (10 nm PECVD
SiNX) after the mesa and ohmic steps have been completed,
but before the gate metal. An O2-based etch is used to clear
the diamond in the gate region before metal deposition.
Details of this fabrication sequence can be found elsewhere
in the literature [7].

Figure 1. Schematic of AlGaN/GaN HEMT with NCD heat spreading film

Hall measurements on van der Pauw structures were used
to characterize the 2DEG at various points in the process to
ensure that NCD deposition and processing is not damaging
the device. As shown in Table I, it was determined that the
diamond deposition alone had minimal impact on the 2DEG.
The gate opening process resulted in increased sheet
resistance (RSH) and reduced mobility and carrier density.
Much of this could be recovered by a short anneal step,
implying that this is predominantly plasma damage. To
improve the process, a 2-step diamond etch process was
developed to enable etching of a relatively thick (0.5 µm)
NCD film without plasma damage to the gate region of the
device.
TABLE I
HALL MEASUREMENTS ON REFERENCE AND NCD-CAPPED HEMTS
µ (cm2/V-s)
NSH (cm-2)
RSH (Ω/ )
NCD before Covered
488
1260
1.02x1013
gate HEMT
NCD etch
478
1280
1.02x1013
Reference
Covered
574
1270
9.22x1012
HEMT
SiNX etch
533
1270
8.92x1012
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RESULTS
Electrical characterization of a NCD-capped device has
yielded comparable device behavior, as shown in Figure 2.
In particular, there was no shift in the threshold voltage, and
the sheet resistance, mobility, and 2DEG density was
unchanged. It can be inferred qualitatively that the channel
temperature is lower in the NCD-capped device based on the
lower on-resistance and reduced negative slope in the
saturation region.

Figure 3. Raman thermography profile of channel temperature with and
without NCD heat spreading film.

Figure 2. DC I-V curves from a reference and NCD-capped HEMT

To quantify the reduction in channel temperature, the
Raman thermography technique was employed [11,12]. A
calibration curve fitting the shift in the Raman peak position
as a function of temperature was generated by placing the
sample on a heated chuck and measuring the Raman spectra
over a temperature range of 25-210 °C. After calibration
runs on a given device, the laser spot was focused into the
region between the gate and drain contacts. During biased
testing, the gate voltage was controlled such that IDS ≅ 5 mA
(VGS ≅ -1 V), and VDS was increased up to 200 V to yield
DC operating power range of 0-10 W/mm.
The shifts in the TO Raman modes were recorded under
bias and the Raman shift was used to determine the
corresponding rise in device temperature, shown as a
function of DC power in Figure 3. The correlation was
linear, as expected. At the highest power conditions, the
sample with NCD heat-spreading layers exhibited about 20
% lower absolute temperature in comparison to the control
HEMT sample. However, the slope of the line for the NCDcapped HEMT is also lower, implying a reduced thermal
resistance as well (about 3.75 times lower).

We have employed a small-diameter collection fiber in an
effort to improve the resolution such that the probe area is
limited by optical collection volume rather than sample
absorption. As a result, we are able to take spectra in ~0.1
µm steps in the vertical direction, enabling us to probe the
temperature gradient in much greater detail than has ever
been reported. The devices were measured under open gate
conditions of VDS = 20V, IDS ~ 90 mA, for a DC power of
~18 W/mm. With the reference and NCD data overlayed, it
becomes clear that the temperature gradient is much larger in
the active layer of the NCD-capped device, and the substrate
temperature is much lower as well. This implies that the
NCD layer has effectively changed the heat-sinking of the
device to the top surface rather than the bottom surface.

Figure 4. Raman thermography profile of the vertical temperature
distribution in the device structure with and without NCD heat spreading
film.
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CONCLUSIONS
NCD thin film incorporation in AlGaN/GaN HEMTs
leads to a reduction of device temperature by 20 % up to 10
W/mm DC power. In addition, NCD-capped devices
demonstated improved RON and NS. The reduced negative
slope of the DC I-V curves provides some limited evidence
of reduced self-heating. Raman thermography has further
shown a significant reduction in substrate temperature,
indicating the device heat sink has become the top surface
rather than the substrate. As power and switching frequency
increase in next-generation DC/DC converters, more
efficient cooling schemes will be necessary. While eventual
integration of diamond substrates could revolutionize
integrated circuit cooling, we have shown that NCD films
can currently cool discrete power transistors.
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