nature .
materials

LETTERS

PUBLISHED ONLINE: 10 NOVEMBER 2014 | DOI: 10.1038/NMAT4126

Phonon black-body radiation limit for heat

dissipation in electronics

J. Schleeh’, J. Mateos?, 1. ifiiguez-de-la-Torre2, N. Wadefalk3, P. A. Nilsson', J. Grahn'

and A. J. Minnich**

Thermal dissipation at the active region of electronic devices
is a fundamental process of considerable importance'=.
Inadequate heat dissipation can lead to prohibitively large
temperature rises that degrade performance*’, and intensive
efforts are under way to mitigate this self-heating®"2. At
room temperature, thermal resistance is due to scattering,
often by defects and interfaces in the active region, that
impedes the transport of phonons. Here, we demonstrate
that heat dissipation in widely used cryogenic electronic
devices™ ' instead occurs by phonon black-body radiation
with the complete absence of scattering, leading to large
self-heating at cryogenic temperatures and setting a key limit
on the noise floor. Our result has important implications for the
many fields that require ultralow-noise electronic devices.

Heat dissipation in transistors occurs in a two-step process in
which electrons in the transistor channel emit phonons that then
carry the heat away from the active region’. The processes that
impede phonon transport in these devices are, thus, of critical
importance as they determine the self-heating that occurs. In many
transistors, such as high-power GaN transistors, thermal resistance
is primarily due to interfaces and defects that scatter phonons,
reducing the effective thermal conductivity of the near-junction
materials by orders of magnitude from their intrinsic values®®’. In
principle, the minimum thermal resistance can be achieved in a
perfect harmonic lattice in which scattering does not occur and
phonons propagate away from the heat generation region at group
velocity. This regime was first described by Casimir'’, and is often
referred to as phonon black-body radiation, owing to its similarities
to thermal radiation by photons'®.

In practice, entering the phonon radiation regime requires
high-quality materials and length scales that are much smaller
than the intrinsic mean free paths (MFPs) set by the strength of
phonon-phonon scattering. Whereas the necessary length scales
at room temperature are small, of the order of 10nm in typical
semiconductors such as Si, this regime could be achieved even
at micrometre length scales in cryogenic electronics that operate
at around T ~ 15K because phonon MFPs increase exponentially
with decreasing temperature. At typical operating temperatures for
cryogenic ultralow-noise amplifiers, in which channel lengths are
a few hundred nanometres, intrinsic MFPs are essentially infinite.
However, the contribution of interfaces and defects to thermal
resistance remains unclear as the heat conduction mechanisms
in these devices have been minimally investigated. Accurately
determining the magnitude of the self-heating—and, hence, the
thermal noise—is of considerable importance, as the origin of

the noise determines the relevant strategies to create ultralow-
noise devices.

Here, we investigate thermal dissipation mechanisms in
cryogenic amplifiers using noise measurements and efficient
phonon transport simulations. We show that heat dissipation in
these devices occurs by phonon black-body radiation without
scattering, that nevertheless results in large self-heating in the limit
of zero ambient temperature. Our work demonstrates that this
fundamental limit on heat dissipation is a key consideration in the
performance of ultralow-noise electronic devices.

We fabricated a three-stage 4-16 GHz monolithic microwave
integrated circuit (MMIC) cryogenic amplifier consisting of three
InP high electron mobility transistors (HEMTs), as shown in
Fig. 1a,b. The HEMTs contain two gate fingers of 100 um width,
as shown in Fig. 1b. We used a standard procedure to measure the
noise temperature as a function of the device operating temperature
(T,; see Methods and Supplementary Information for details on
fabrication and characterization). We plot the results, taken at
12GHz and with a power input per length along the 100 um
dimension of 29 mW mm~™, in Fig. lc. Consistent with previous
reports’, the noise temperature decreases linearly with the device
operating temperature until around 40 K, below which it deviates
from this trend and decreases more slowly until it saturates.

To better understand the origin of the noise, we use a noise
model to interpret the measurements®. In this model, noise is
described by assigning equivalent temperatures to resistive elements
on the input and output. Typically, the input is assumed to be at the
device operating temperature whereas the output has an elevated
temperature that is attributed to ambient temperature-dependent
hot-electron noise’. The input noise is, hence, directly dependent on
the intrinsic physical temperature, whereas the output is indirectly
dependent. We extract the equivalent drain temperature Ty using
our measurements and we assume that all other temperatures are
set at the device operating temperature'®. The result is shown in
Fig. 1d. T, follows the prediction by the circuit model until about
40 K, below which it saturates to a constant value.

The observation of a saturation of drain temperature is
unexpected because T, should continue to decrease steadily
throughout the temperature range if the channel were isothermal
with the ambient, with the intercept at T, =0 yielding the hot-
electron noise contribution when thermal noise is absent. To
interpret these results, we postulate that the intrinsic temperature
T; may be different from T, owing to self-heating. We estimate
the contribution of non-thermal noise by fitting Ty with a line for
T, > 40 K and extrapolating to zero temperature, as shown in Fig. 1d,
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Figure 1| Optical micrographs and noise measurements of a low-noise amplifier integrated circuit. a, Optical microscopy image showing part of the
4-16 GHz MMIC amplifier. In the image are the three InP HEMTs, microstrip lines, NiCr thin-film resistors (TFRs) and metal-insulator-metal (MIM)
capacitors. b, Scanning electron micrograph image of an InP HEMT. Inset: schematic view of the HEMT cross-section. The HEMT is grown on an InP
substrate with an InAlAs buffer for lattice matching, an InGaAs channel, and a doped InGaAs barrier to provide ohmic contacts. ¢, Measured noise
temperature (symbols) and predicted linear scaling (dashed line) versus low-noise amplifier (LNA) chassis temperature of the device at 12 GHz. The
measured noise temperature decreases linearly with a decrease in the chassis temperature until about 40 K, below which it saturates, deviating from the
ideal prediction. d, Extracted drain temperature (symbols) and extrapolated linear scaling (dashed line) versus LNA chassis temperature. The measured
drain temperature exhibits the same saturation for chassis temperatures below 40 K. The error bars are obtained by propagating the uncertainty in
measurements from the noise figure analyser through the circuit model used to determine the noise temperature.

then calculating the noise temperature with this extrapolated Tj.
The result is shown in Fig. 1c. For T, < 30K, substantial deviations
from the extrapolated decrease are observed, indicating that T; is
considerably larger than T, under these conditions.

To explain this apparent self-heating, we must examine heat
dissipation by phonons in the transistor channel. Phonon transport
in the device is governed by the phonon Boltzmann transport
equation (BTE):

de, e,—€

@ +v. Vrew: —
at T,

where e, is the desired distribution function, w is the phonon
frequency, ¢’ is the local equilibrium distribution function, v
is the group velocity, 7, is the frequency-dependent relaxation
time, t is time and r is the spatial coordinate. The BTE is
challenging to solve because of its high dimensionality, particularly
in a large computational domain with multiple spatial dimensions.
Previous works have solved the multidimensional BTE using a
number of numerical techniques, such as discrete ordinates®', Monte
Carlo (MC) methods®, and a two-flux method with a coupled
electron solver®. However, for the semi-infinite domain here, these
methods are either prohibitively computationally costly or contain
simplifying approximations that may not be accurate.

To overcome this challenge, we solve the frequency-dependent
BTE using a novel deviational MC method*. MC techniques
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solve the BTE by simulating the advection and scattering of
computational particles, denoted as phonon bundles, which
represent some number of actual phonons®. Variance reduction
in deviational MC methods is achieved by simulating only the
deviation from a known Bose-Einstein distribution, thereby
incorporating deterministic information and reducing the
variance. These algorithms enable the BTE to be rigorously
solved many orders of magnitude faster than other numerical
approaches, with little stochastic noise and minimal memory
requirements (see Methods).

The steady-state temperature profile of the transistor with this
heating distribution at different device operating temperatures for
the same input power used in the measurements is shown in Fig. 2.
Temperature variations in the direction perpendicular to the plane
of the figure are neglected, as they are small compared to the in-
plane variations (Supplementary Information). Note that in this
context temperature is defined in terms of equivalent equilibrium
temperature®, or the temperature of a thermal distribution with the
same energy density as the actual distribution, owing to the strong
non-equilibrium in the absence of scattering. The phonon emission
region corresponding to Joule heating is modelled as a volumetric
generation term, with the size and location determined by electrical
MC simulations (see Methods).

At 300K (Fig. 2a) the temperature in the channel is almost the
same as the ambient. The temperature rise in the channel is still
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Figure 2 | Calculated steady-state lattice temperature profiles with Joule heating. a-d, Simulations were performed with 29 mW mm~" input power for
device operating temperatures of 300 K (a), 20 K (b), 10K (¢) and 0.1K (d). Below 20 K the peak temperature in the channel remains almost constant
despite the substantial decrease in the device operating temperature. The horizontal black lines indicate interfaces in the actual device for reference; no

interfaces are included in the simulations.

minimal at 20K (Fig. 2b). However, at 10K (Fig. 2¢) the peak
channel temperature is now 9 K higher than the ambient, and we ob-
serve ray-like trajectories that indicate a lack of scattering. At 0.1 K
(Fig. 2d) the temperature of the channel is almost the same as that
at 10 K; further cooling has not decreased the channel temperature.

We plot the calculated peak channel temperature versus the
device operating temperature for different power inputs in Fig. 3a.
The figure shows that the temperature of the channel saturates when
the device operating temperature decreases below approximately
30K for every non-zero power input, a result that is consistent
with noise measurements. We also compare the measured intrinsic
temperature rises with those calculated from our MC simulations.
To obtain the measured intrinsic temperature rises, we use the
noise model to determine the increase in intrinsic temperature
AT =T, — T, that is necessary to explain the additional noise
above the ideal prediction. The MC temperature rises are taken
to be the difference between the peak channel and the device
operating temperatures. These two results are plotted in Fig. 3b,
demonstrating excellent agreement and showing that the measured
trend in intrinsic temperature rise is accurately captured by our MC
simulations without any adjustable parameters.

The observation of strong self-heating at cryogenic temperatures
may be initially puzzling if diffusion theory is used to model the heat
dissipation. For example, diffusion theory based on the bulk thermal
conductivity of InP predicts the temperature rise at T, =10K to be
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around 0.01 K, orders of magnitude smaller than the actual values in
Fig. 3b. Further, assuming a smaller effective thermal conductivity
due to interfaces and defects cannot explain the strong temperature
dependence of the self-heating. However, if scattering is completely
absent it is well understood that heat conduction occurs by phonon
black-body radiation rather than by diffusion'®, and Fourier’s law
makes a number of non-physical predictions when applied to the
ballistic regime, such as the possibility of an infinite heat flux
being dissipated by a finite temperature gradient. In reality, the
maximum heat flux in a material cannot be infinite, but reaches the
Casimir limit, in which phonons radiate heat at the group velocity
without scattering'’.

With this insight, the self-heating can be explained as a
consequence of heat conduction by phonon black-body radiation.
In the radiation regime, the heat flux is largely determined by the
number of available heat conduction channels. At sufficiently low
temperatures, the number of available channels decreases rapidly, as
the occupied thermal phonon population is restricted to low-energy
modes following the Bose-Einstein distribution. Macroscopically,
this restriction in phonon occupation corresponds to a decrease
in specific heat as T?, according to the Debye model. Therefore,
the total amount of heat that can be dissipated by the occupied
phonon states decreases rapidly with temperature. Below a device
operating temperature of approximately 30K, the available low-
energy phonons are unable to dissipate the heat of the electron

189

© 2015 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat4126
www.nature.com/naturematerials

LETTERS

NATURE MATERIALS po!: 10.1038/NMAT4126

a
40}
<
© 30+
>
©
o]
g— — 100 mW mm™!
= 201 — 50 mW mm"'
?c:) — 29 mW mm™!
g ol — 10 mW mm™!
— TmW mm™'
01 mW mm™’
0 ‘ ‘ — OmW mm™'
0 10 20 30 40

Device operating temperature (K)

b 20
' o Measured
— Computed
15 ¢ - - - Estimated

Intrinsic temperature rise (K)

0 10 20 30 40 50 60
Device operating temperature (K)

Figure 3 | Temperature saturation and intrinsic temperature rise. a, Calculated channel temperature versus device operating temperature for various
power inputs from MC simulation. The simulation reproduces the observed trend of a temperature saturation when the device operating temperature
becomes sufficiently low for non-zero power dissipation. b, Intrinsic temperature rise relative to the device operating temperature extracted from the noise
measurements (symbols), from the MC simulation (solid red line), and using an estimation using a phonon radiation analogy (dashed green line). Error
bars are obtained by calculating the variations in intrinsic temperature rise due to the uncertainty in the noise measurements of Fig. 1. The theoretical and
computational results are in good agreement with the measured intrinsic temperature rise, confirming that the phonon black-body radiation mechanism is

responsible for the noise saturation.

gas; thus, the lattice temperature must increase until higher-energy
phonon modes are populated and can dissipate heat at the rate at
which it is injected.

To further support this explanation, we estimate the
temperature rise AT wusing a phonon radiation analogy'
in which the heat flux q' = o,w(T} — T}), where T; is the
intrinsic temperature, o, =m"k;/40’v., ~850 Wm™ K™ is the
equivalent of the Stefan-Boltzmann constant for phonons in InP,
¢ =29mWmm™' is the dissipated heat flux per unit length,
and T, is the device operating temperature. The average velocity
vii=> v7?/3~3,000ms"', where v; are the sound velocities
of the various phonon branches i for InP (ref. 27). We obtain w
by computing the weighted area of the phonon emission region
from the electrical MC simulations, where the weight describes the
relative fraction of emission events occurring in a certain volume,
and equating this area with 7tR?, where R is the radius of a circular
emission region in the plane of the device. The emitting area per
unit length is then w =2nR=74nm. We plot this estimate of AT
along with the measured and MC temperature rises in Fig. 3b and
observe good agreement, confirming the origin of the self-heating.

The radiation mechanism for thermal resistance identified here
is distinctly different from those identified previously in electronic
devices. In many devices, thermal resistance is due to phonon
scattering by defects, such as point defects and dislocations, and
interfaces separating different materials, such as the interface
between an epitaxial layer and a substrate®®’. However, our
simulations are able to explain the measured temperature rises
without considering any defects or interfaces. This observation
is expected, because extrinsic scattering mechanisms, which
primarily scatter short-wavelength, high-frequency phonons®, are
unlikely to affect the phonons responsible for heat conduction
at cryogenic temperatures with frequencies of approximately
kyT/h~0.2-1 THz. Atomistic calculations® and experiments®
show that these sub-THz phonons can travel almost unimpeded
through lattice-matched interfaces, indicating that interfaces will
similarly play little role in scattering.

Phonon-phonon scattering can also contribute to thermal
resistance. Previous works have investigated how a lack of scattering
for some phonon modes can lead to localized hot spots with
temperature rises that are significantly larger than predicted by
diffusion theory®. However, phonon radiation occurs only when

190

all phonons are ballistic—and, thus, is not analogous to this
quasiballistic regime, in which a portion of the phonon spectrum
is ballistic whereas other modes undergo strong phonon-phonon
scattering. Thus, the key difference between the thermal resistance
in this and previous works is the role of scattering. In previous works
the thermal resistance is determined primarily by the strength of
phonon scattering, whereas in the present case scattering plays no
role, with thermal resistance instead governed by the number of
phonon modes that are occupied and available to conduct heat.
The physics of phonon radiation in our devices is equivalent to that
described previously in Si crystals at cryogenic temperatures'®, but
here phonon radiation is not the sole heat dissipation mechanism:
electron—phonon coupling plays a critical role in the heat generation
and device performance, as the noise floor is determined by the
electron gas temperature.

Our observation of thermal dissipation by phonon radiation has
important implications for cryogenic electronics. First, the phonon
radiation mechanism restricts the minimum achievable intrinsic
temperature for a given power input due to self-heating. As a
result, thermal fluctuations remain an important contribution to
the total noise, contrary to the expectation that hot-electron noise
is the sole noise source. Second, although phonon radiation has
been extensively studied from a scientific perspective, our result
demonstrates the importance of this process in electronic devices,
an observation that has not been previously reported. The resistance
mechanism is distinctly different from the typical phonon scattering
by defects and interfaces that occurs in many room-temperature
devices. Our demonstration of the importance of the phonon
radiation mechanism will, thus, help guide the development of
ultralow-noise electronics for use in a wide range of fields in science
and engineering.

Methods

InP HEMT fabrication and characterization. The HEMT is fabricated on a
4-inch InP wafer. First, a buffer layer of lattice-matched InAlAs is grown on the
substrate, followed by a high-mobility channel of InGaAs for electron transport.
The mobility is 12,000 cm* V™' s™" at room temperature and increases to

60,000 cm? V="' s™" when the device is cooled to 20 K. The channel electrons
originate from a delta doping layer embedded in a barrier layer grown on top of
the channel. A highly doped InGaAs layer is formed at the contact areas to create
low-resistance ohmic contacts to the device. The ohmic contacts are formed from
a Ni/Ge/Au stack, and an annealing step provides additional doping from the Ge

NATURE MATERIALS | VOL 14 | FEBRUARY 2015 | www.nature.com/naturematerials

© 2015 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat4126
www.nature.com/naturematerials

NATURE MATERIALS boi: 101038/NMAT4126 LETTERS

to further reduce the ohmic contact resistance to 0.04 2 mm. The cap layer is
etched away at the gate area, and a 130 nm mushroom-shaped gate is deposited
on top of the barrier layer. The gate stack is Ti/Pt/Au, and the mushroom shape
gives a low gate resistance. The device is passivated with a 60 nm SiN layer. Air
bridges and contact pads are formed by gold plating. Finally, the InP substrate is

thinned down to 100 um to facilitate device dicing. The total size of a HEMT chip

is 420 umx 430 um.

The InP HEMT process was integrated into a monolithic microwave
integrated circuit (MMIC). Added to the InP HEMT process is the formation of
microstrip lines, NiCr thin-film resistors (TFRs) of 50 2 sq~!, metal-insulator-
metal (MIM) capacitors with 390 pF mm™, via-hole grounding, and a back-side
gold-plated ground plane. The wafer thickness, after thinning, is reduced to
75 um to allow thinner microstrip lines. The via-holes were dry etched to a
diameter of 45 um. The size of the MMIC low-noise amplifier (LNA) is
0.75mmx2 mm. The MMIC was mounted together with an external input

point over 0.1 ns. We find that for low gate bias most of the phonon emissions
take place in the channel at the drain edge of the recess, consistent with previous
reports®. We performed the electrical simulations at temperatures of 300 K and
30 K. We find the distribution of phonon generation to be constant in the
low-temperature range below 150 K, where electron transport is completely
ballistic under the gate, so that a self-consistent approach with the phonon BTE is
not necessary under these conditions.
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