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Abstract: With the downscaled device size, electrons in semiconductor electronics are often
electrically driven out-of-thermal-equilibrium with hosting lattices for their functionalities. The
thereby electrothermal Joule heating to the lattices can be visualized directly by the noncontact
infrared radiation thermometry with the hypothetic Planck distribution at a single characteristic
temperature. We report here that the infrared emission spectrum from electrically biased GaAs
devices deviates obviously from Planck distribution, due to the additional contribution from
non-equilibrium hot electrons whose effective temperature reaches much higher than that of the
lattice (T,>T;). The evanescent infrared emission from these hot electrons is out-coupled by
a near-field metamaterial grating and is hence made significant to the total far-field emission
spectrum. Resonant emission peak has also been observed when the electron hotspots are
managed to overlap spatially with the optical hotspots at the grating resonance. Our work
opens a new direction to study nonequilibrium dynamics with (non-Planckian) infrared emission
spectroscopy and provides important implications into the microscopic energy dissipation and
heat management in nanoelectronics.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Planck’s law of blackbody radiation historically played a milestone role in the development of
quantum mechanics physics and nowadays has penetrated into a broad range of applications
such as cosmology, astronomy, thermal imaging, spectroscopy, security, biology, clinics, etc.
[1]. According to Planck’s law, the spectral radiance of a blackbody for frequency v at a single
absolute temperature 7 can be written as,

2hv3 1

Ipp(v, T) = 2 T _ 1 ey

where kp is the Boltzmann constant, 4 is the Planck constant, and c is the speed of light. Planck’s
formula, however, applies only in far field with distance being much longer than the thermal
length (d>>Ay,) and also for thermal equilibrium objects with uniform temperature distributions
(T). Recent studies have unambiguously demonstrated super-Planckian radiation in the thermal
near-field (d<Ay) [2—4], which can be utilized to boost the radiative energy transfer [5-7],
non-contact cooling [8], thermophotovoltaic cells [9] etc.
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On the other hand, very few works so far have devoted to the emission properties of thermal
non-equilibrium objects, despite the fact that non-equilibrium charge transport prevails in modern
semiconductor nanoelectronics [10-12]. In the miniatured transistors, electrons are accelerated
by external bias and thereby thermalized to a very high effective temperature, T,, on the order of
103~10*K (T,>>T;) [13], due to typically faster electron-electron scattering than electron-phonon
scattering. The subsequent energy relaxation of these hot electrons causes substantial Joule
heating to lattices, thereby leads to huge burden to the cooling efficiency of the high-integration
chips and bottlenecks the further improvement of the device performance [10]. Our previous
work probed the near-field emission of hot electrons at a single wavelength (~14.1um) in a
GaAs nanoconstricted channel and evaluated that the effective electron temperature reaches
Te~2000K in a room temperature current-carrying device (T;~300K) [14]. The spatial profile of
the observed single wavelength emission pattern revealed the remarkable nonlocality of energy
relaxation of the transporting hot electrons across a nanoconstricted channel. However, the
spectral studies of infrared emission from these non-equilibrium systems remain unexplored,
despite of their abundant energy dynamics information behind [15].

In this work, we report the experimental results of infrared emission spectrum from a non-
equilibrium GaAs system. Electrons inside the devices are electrically biased and driven to be
out-of-thermal-equilibrium with GaAs lattices. The measured infrared spectrum distinguishes
from the predicted black-body or gray-body radiation at a single sample temperature and implies the
non-equilibrium radiation feature of the current-carrying devices. Our work establishes a general
approach to study dynamics in nonequilibrium objects with infrared emission spectroscopy and
provides important hints into the microscopic heat management in semiconductor nanodevices.

2. Method and results

The devices were fabricated on GaAs wafers with a 35nm-thick and n-type doped GaAs quantum
well (QW) grown on semi-insulating GaAs substrate and subsequently capped by a 13-nm top
AlGaAs insulating layer, same as in Ref. [14]. The electron density in the QW and the electron
mobility at room temperature are measured to be npp=1.10 X 10 m™2 (or nsp=3.3 x 10**
m~) and p =0.167 m?/Vs. Four-terminal devices were fabricated by standard lithography, as
shown in Fig. 1(a). Cross-shaped mesa structures were made by wet etching with annealed
Ni/AuGe/Au (10nm/100nm/100nm) pads as Ohmic contacts. The center region (100umx100um)
of the cross-shaped channel were finally covered by a two-dimensional metamaterial grating
(5nm Cr/60nm Au) via electron-beam lithography and lift-off processes. Figure 1(b) depicts the
scanning electron microscopic (SEM) images of the grating pattern. Each rectangle unit cell
has a side-length of 2um (perpendicular to Au rod) and the other side length of 4.5um (parallel
with Au rod). The length and width of Au rod are fixed to be L=2.25um and w=0.25um in this
work. By applying electrical bias to a pair of electrodes (left and right electrodes, or top and
bottom electrodes), the center region with metamaterial grating was electrothermally heated and
the thereby emitted radiation was collected by a Bruker Hyperion 1000 microscope and analyzed
spectroscopically by a Fourier Transform Infrared Spectroscope (FTIR) Vertex 70. An aperture
was employed in the light path to ensure the detected region being the center 100umx100um
area. To avoid the influence of background, the devices were excited by periodic electric pulses
and the emission signal was measured by a cooled mercury cadmium telluride (MCT) detector,
demodulated with a lock-in amplifier, and then recorded in the step-scan mode of the FTIR
system. Figure 1(c) schematically shows the measurement setup. To take account of both optical
path efficiency and electronic amplification coefficient in this setup, a black-painted ceramic
sample which can be assumed to be close to ideal blackbody was used and the temperature
dependent measurement in the range of 300K~500K was performed to calibrate the whole system.
The measured spectra for all samples can therefore be normalized and directly compared with
theoretical calculations.
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Fig. 1. (a) Optical microscopic image of the four-terminal devices fabricated on GaAs
quantum well wafer. Right inset is the schematic structure of the device infrared-emitting
region with metal metamaterial grating (yellow) and hot electrons (red). (b) Scanning
electron microscopic (SEM) image of the metamaterial grating with periodic Au-rod structure
(L=2.25pm and w=0.25um). The unit cell size is 2um X 4.5um. (c) Experimental setup for
the emission spectrum measurement using an FTIR spectrometer working at step-scan mode.
The sample is biased with a pulse generator.

Before applying the electric pulse excitations, control experiments were carried out by
directly heating the entire samples with a heating stage, which therefore led to an equilibrium
condition with T,=T; (=T). The measured spectra were displayed in Fig. 2(a) as lines with
dots for different temperatures (T;=60°C, 90°C, 150°C). For comparison, expected emission
spectra in the same frequency range are also calculated based on the grey-body assumption,
ie., Igp(v,T) = € X Ip(v, T), where € is the emissivity. Dashed curves show the calculated
emission spectra of samples with different temperatures Ts=60°C, 90°C, 150°C respectively,
and the temperature independent emissivity for the samples is obtained through independent
calibration measurement following the standard procedure in Ref. [16]. It can be seen that
reasonable agreement can be reached between the experimental and calculated data, implying
the validity of Planck distribution for this condition and hence the grey-body approximation.
Solid curves in Fig. 2(b) shows the emission spectra measured with pulsed bias (at 517Hz, with
50% duration of 2V, and the other 50% duration, 0V) between left and right electrodes of
the sample (the flowing current is perpendicular to Au nanorods). With increasing the pulse
amplitude (V}), the emission intensity increases rapidly, suggesting that the sample temperature
increases. It is, however, found that these spectra cannot be reproduced consistently by simulation
with a single temperature (7). Dashed curves in Fig. 2(b) represent the simulated emission
for T;=100°C~350°C. Remarkable difference can be seen especially for high temperatures.
For instance, for the spectra taken at Vj, =40V, the calculation with 7y = 300°C overestimates
the emission intensity in the high frequency region (>1500cm™~!) while underestimates in low
frequency region. The large discrepancy implies the invalidity of thermal-equilibrium assumption
for the electrothermal heating condition in our samples. Although the direct measurement of
T, under electrical bias will be informative, non-contact radiative thermometric method does
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not work because of the non-Planckian characteristic while the direct contact-type thermometer
(such as thermocouple) remains to be technologically challenging so far.
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Fig. 2. (a) Emission spectra (lines with dots) taken with the sample being uniformly heated
to different temperatures (7,=7;=60°C, 90°C, 150°C), using a controllable electrothermal
stage. Dashed lines are calculated data from Planck’s law and show reasonable agreement
with experiments. (b) Emissions with different pulses applied to left-right electrodes (lines
with dots). Calculation from Planck’s law (dashed lines) show obvious deviation with
experimental curves. (c) Electromagnetic local density of states (EM-LDOS) for the GaAs
crystal structure with (solid red) and without (dashed blue) conducting electrons.

To explain the above discrepancy (Fig. 2(b)), we recall that the emission from hot electrons
can be characterized by the electromagnetic local density of states (EM-LDOS), which decays
rapidly with increasing the height from the sample surface [17,18]. In Ref. [14], a metal tip was
used to scatter this evanescent emission into far-field for detection and, here, the metamaterial
grating plays a similar role but functions over much larger area so that the significant portion of
the electron emission can be out-coupled and contribute to the measured spectra. Figure 2(c)
displays the EM-LDOS calculated for GaAs sample with conducting electrons (solid red),

using a Drude model for conducting electrons (& = g5 + ﬁ, in which gguas = 12.9,

wp =4.0X 10"rad/s and y = 1.6 x 10'3rad/s) [19]. These parameters are evaluated according
to the electron density in the measured real samples so that the result is close to the real situation.
For comparison, the EM-LDOS for same GaAs material but without conducting electrons was
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also calculated by omitting the Drude term (i.e., £ = gg4as = 12.9) and shown as dashed blue
curve in Fig. 2(c). It can be seen that GaAs without conducting electrons exhibits much lower
EM-LDOS, particularly in the low-frequency spectral range. The EM-DOS of electrons gives
larger contribution at lower frequency range and we can therefore expect that inclusion of hot
electron contribution into the total emission spectra provides reasonable explanation to the
observed non-Planckian emission.

Next, we switched the electrical bias to top-bottom electrode pair (instead of left-right pair in
Fig. 2), generating electrical current being parallel to Au nanorods. In this case, the metamaterial
grating plays the same role as in Fig. 2 extracting the near-field emission from hot electrons to
the far-field. In addition, note that each Au nanorod keeps to be equipotential even when a large
bias is applied, and therefore functions as a surface gate to modulate the underlying electric
field distributions in QW layer. To provide semiquantitative analysis, finite-element numerical
simulation was performed by using a commercial multiphysics software. In this simulation,
the conducting layer (35nm-thick GaAs quantum well layer) was separated into two physical
sheets representing, respectively, the electron and the lattice subsystems, as schematically shown
in Fig. 3(a). The heat transferred from electron to lattice is characterized by the temperature
difference (T,—T;) times the effective interface thermal resistance he_pn Which can be written
as he_ph = Te—ph/Ce, Where Te_pp is the electron-phonon scattering time and Ce, the electron
specific heat per unit area. The electric field and the heat arising from the electrical current
can be simulated according to Ohm’s law and Joule’s law respectively in the electromagnetics
module and then the heat is dissipated through Fourier’s law of heat conduction in the heat
transfer module. Eventually the temperature distributions depending on the electrical bias
can be obtained through this convenient method, see Ref. [20] for more details. Figure 3(c)
displays the simulated electric field distribution in three-unit-cell with the finite-element method
and it can be seen that the field maxima appears nearby the two ends of the nanorods. As a
result, substantially nonuniform distributions of the electron temperatures are produced with
electron hotspots located nearby the two ends of the nanorods. Fig ure 3(d) shows the simulated
results of the two-dimensional temperature distribution using the method established in Ref.
[20]. The peak T, at hotspots reaches ~1400K, which agrees reasonably with previous work
[21]. Figure 3(g) displays the measured spectra (solid curves) for different bias amplitudes,
which cannot be reproduced by simulations with single temperatures (dashed lines). Similar to
Fig. 2(b), the emission intensity increases with the electrical bias. On the other hand, however, an
additional peak shows up at ~1200cm™!. This frequency agrees reasonably with the simulated
resonance (~1200cm™!) of the metamaterial grating with y-polarized excitation. The observed
emission spectral peak can therefore be attributed to the resonant enhancement of the hot electron
infrared emission. Figure 3(e) demonstrates the spatial distribution of the optical electric field
at resonance. It can be seen that the hotspot of the optical field matches that of the electron
temperature much better than in Fig. 2. Figure 3(f) shows the line-plots along y-direction for
optical electric field (blue dashed curve) and electron temperature (red solid curve) and the
improved overlapping of the hotspot region becomes obvious. It is worth mentioning that, in
Fig. 2, the electric current is perpendicular to the nanorods and the rather narrow width of the
nanorods gives rise to a limited influence to the potential gradient and, as a result, the electron
temperature has a quite uniform distribution. In this condition, the x-polarized field plays a
more dominant role which has a much higher resonant frequency (~2700cm™"), well beyond
the studied spectral range. Therefore, the measured spectra in Fig. 2 arise from nonresonant
scattering and extraction of the hot electron emission by metamaterial grating. In contrast, in
Fig. 3, resonant enhancement of the hot electron contribution to the emission spectrum arises
due to the improved overlapping between electron temperature distributions and the resonant
optical electric field distributions. The remarkable contribution of this resonant contribution
can be further elucidated by the bias-dependent emission, as displayed in Fig. 3(h). Apparently
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superlinear behavior can be identified in the range of large input power, indicating that certain
enhancement mechanism such as Purcell-effect is involved [22-24]. The resonant enhancement
provides an interesting means to tune the infrared emission from hot electrons through, e.g., the
grating periodicity. Despite that more quantitative studies are necessary in future, our work here
present unambiguously the effectiveness of metamaterial grating in coupling electron heat out of

the lattice environment.
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Fig. 3. (a) Schematic structure to simulate the nonequilibrium heat transport. The electric
current j in the electron layer (dotted green) generates heat through Joule effect and part
of the heat thereby is transferred to the lattice (both upper green and lower blue) through
electron-phonon interaction, indicated by vertical arrows. (b-e) The SEM (b), electric
field (c), effective electron temperature (d) when the device is biased between top-bottom
electrodes, and optical electric field at the grating resonant frequency of 1200cm™! (e). In
(c-e), the red color indicates a large electric-field or higher temperature while blue, smaller
field or lower temperature. All color bars are in linear scale. (f) Line profiles of Te and
optical electric field taken from (d) and (e). Overlapping between the electron hotspot and
grating optical-field hotspot is apparent as indicated by the shadowed region. (g) Emissions
with different pulses applied to top-bottom electrodes (lines with dots). Calculation from
Planck’s law is also shown as dashed line. Additional peak shows up at ~1200cm~! when
the bias voltage increases. (h) Dependence of the emission intensity on the input electric
power, showing super-linear behavior at large biases.

3. Conclusion

In summary, we report here the first emission spectral measurements on hot-electron semiconduc-
tor devices with T,>T; and the observed non-Planckian emission can be ascribed to the evanescent
hot electron emission being out-coupled by metamaterial grating. Both nonresonant and resonant
extraction of hot electron emission by the metamaterial grating can be identified. Our work
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opens a new direction to study nonequilibrium dynamics with infrared emission spectroscopy
and provides new important hints to the microscopic heat management in nanoelectronics.
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