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Abstract—This paper presents the first thermal characterization of terahertz quasi-vertical GaAs Schottky diodes integrated on silicon. The devices are characterized using a thermoreflectance measurement technique. Heating and cooling temperature profiles and 2-D temperature maps are obtained for
5.5 µm diameter diodes. From the measurements, we extracted
the device thermal resistances, anode temperatures, and thermal
time-constants. Equivalent circuit and finite element models are
developed to study the device geometry, and extract unknown
material thermal parameters. The devices are also characterized
using an electrical transient method, and the temperature and
cooling transients found from both techniques are compared. The
quasi-vertical diodes show comparable thermal resistance and a
faster transient response compared to other terahertz Schottky
diodes reported in the literature.
Index Terms—Heterogeneous integration, imaging, junction
temperature, Schottky diode, thermo-reflectance, thermal characterization, thermal parameters.

present significant challenges and trade-offs between electrical
and thermal designs of these devices.
Because they are amenable to realizing integrated components, planar Schottky diodes represent the most prevalent
architecture for submillimeter-wavelength components, such
as frequency multipliers. A variety of approaches for realizing
planar diodes have been developed, largely aimed at optimizing RF performance. These include flip-chip mounted devices
[8], diodes fabricated from epitaxy that have been transferred
to low-permittivity substrates [9], membrane-supported diodes
[10], as well as substrate-less diodes [11]. Recognition that
heating is a major factor limiting efficiency and output power
has prompted a number of approaches to mitigate excessive
temperature rise in the junction of planar diodes, including the
use of AlN or diamond as low-loss substrates that act as heat
spreaders [1], [6].

I. I NTRODUCTION

T

HERMAL management and design have been understood, for many years, as critical factors in the implementation of submillimeter-wave Schottky diode-based circuits and
instruments [1], [2]. Removal of heat is particularly important
for frequency multipliers, as these circuits generally exhibit
low-to-modest conversion efficiencies, and are usually driven
with high-power sources to achieve usable output power in
the submillimeter-wave region of the spectrum [3]. Elevated
diode junction temperature due to inadequate heat sinking is
known to degrade performance, accelerate aging effects (for
example, due to electromigration, ohmic contact deterioration,
or thermally-induced stress), and can ultimately lead to device
failure [4], [5], [6]. The relatively-low thermal conductivity of
GaAs (the predominant material technology for submillimeterwave diodes) [7], coupled with restrictions on diode anode
size and geometry needed to minimize parasitics and achieve
the device impedances required for high-frequency operation,
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Fig. 1. Scanning electron micrograph of a quasi-vertical diode fabricated at
the University of Virginia.

An alternative diode topology, based on a quasi-vertical
geometry realized through heterogeneous integration of GaAs
with high-resistivity silicon, was recently developed for
submillimeter-wave applications [12]. Unlike planar diodes,
this device structure (Fig. 1) consists of a metal contact under
the diode’s anode and epitaxial mesa, thus providing a largearea ohmic cathode contact that also serves as an integrated
heat sink. Measurement of high-efficiency multipliers based
on this technology [13] suggest the quasi-vertical architecture
provides an effective approach for heat removal and thermal
management in Schottky diodes. This paper reports on the first
experimental characterization of heating in heterogeneouslyintegrated quasi-vertical diodes using thermo-reflectance as a
diagnostic tool.

II. Q UASI -V ERTICAL S CHOTTKY D IODE G EOMETRY
A scanning electron micrograph of a prototype device is
shown in Fig. 1. A cross-section of the device epitaxy and
structure is shown in Fig. 2. The diode mesa lies directly on
an ohmic metal pedestal that is bonded to a silicon carrier
which serves as a low-loss substrate for RF signal lines and
circuitry. A metal overlay of the ohmic pedestal provides the
cathode contact, as well as a thermal path for removing heat
from the diode to the substrate. The device shown in Fig. 1 is
fabricated using an epitaxy transfer process described in detail
in [14].

A. Thermal Equivalent Circuit Model

Fig. 3. Diagram of the quasi-vertical diode geometry showing the paths
(dashed lines) for heat flow from the anode to the thermal ground (silicon
substrate) and simplified thermal equivalent circuit model.

Fig. 2. Diagram of the diode cross-section and epitaxy. The semi-insulating
handle and AlGaAs etch stop layers are removed in the fabrication process
and are not shown. Note the device layers are not shown to scale.

Development of the quasi-vertical diode structure described
above was motivated as an effort to reduce device parasitics
(series resistance and shunt capacitance) as well as to fabricate
devices on a suitable low-loss substrate that can be micromachined to form fully-integrated chips with electrical circuitry
and contacts. The high efficiency (>25%) and power output
(100 mW) of frequency quadruplers implemented with this
technology, in addition to estimates of the diode temperature
based on electrical measurements [13] [15], suggest the quasivertical geometry offers a number of benefits with regard
to thermal management in comparison with standard planar
diode configurations. Notably, the ohmic contact acts as an
integrated heat sink that underlies the full device mesa and
can be placed in close proximity to the anode. The use of
silicon as a substrate (with a thermal conductivity of 150 W/mK), provides improved heat spreading and thermal grounding
to the circuit housing compared to GaAs (having a thermal
conductivity of 55 W/m-K). In addition, the anode finger (Fig.
1) is in direct contact with the silicon substrate, thus presenting
a secondary thermal path that directly shunts the GaAs mesa.
III. T HERMAL M ODELING
Electro-thermal modeling of submillimeter-wave Schottky
diodes has proven invaluable as a tool to inform the design
process and tailor circuit architectures for improvement in
efficiency and power handling [1], [16]. These thermal models typically employ analytical models based on equivalent
circuits, finite-difference time-domain solutions of the heat
equation, or finite-element simulations of 3-D models [17].

Equivalent electrical circuit representations for heat flow
[18] through semiconductor diodes are a useful and commonly
used tool for understanding thermal transients in devices
as well as for identifying thermal bottlenecks. A simplified
thermal model of the quasi-vertical diode, superimposed over
the device geometry, is shown in Fig. 3. In this model,
dissipation of electrical power in the diode’s junction and
series resistance generates heat that is represented as a current source. This dissipation, in conjunction with conductive
cooling mechanisms that are modeled with equivalent thermal
impedances, provide paths for heat flow to thermal ground
(held at ambient), and determine the instantaneous temperature
of the device. As indicated in Fig. 3, the thermal impedance of
each material layer comprising the diode may be represented
as a parallel combination of a thermal conductance G and
thermal capacitance C. In the simplified model of Fig. 3, the
GaAs and Inx Ga1−x As layers of the diode mesa are combined into a single effective thermal impedance (Gm || Cm ).
Likewise, parallel conductances and capacitances represent the
thermal impedances of the airbridge finger (Gb || Cb ), SU-8
adhesive layer (GSU −8 || CSU −8 ), and cathode ohmic contact
metal overlay (Gc || Cc ). Heating and cooling transients of
the diode depend on thermal time constants (t) associated
Ci
with each layer (denoted with subscript i), τi = G
(1). The
i
conductance Gi depends on the cross-sectional area, thermal
conductivity, and material thickness, whereas the capacitance
Ci is the product of the density, volume, and specific heat
capacity [19]. For micro-scale devices, the thermal boundary resistance at material interfaces needs to be considered,
since its contribution can sometimes dominate the overall
thermal resistance [20]. The diode thermal resistances at the
anode/cathode interfaces are respectively denoted in Fig. 3 as
Ra and Rc .
From the thermal model, the steady state junction temperature is found as [19]: Tj − T0 = Rth Pdis (2), where Rth is
the total thermal resistance between the diode junction and
thermal ground, Tj is the junction temperature, T0 is the
ambient temperature (thermal ground), and Pdis is the power

dissipated in the diode. A circuit model is then constructed
using Keysight’s Advanced Design System (ADS). A 6.86 mA
thermal current is applied, which is equivalent to the thermal
power delivered to the device in the measurement. The lumped
element circuit values are based on the materials’ temperature
independent nominal values, ignoring thermal boundary resistances, and assuming that the diode mesa stack consists only
of undoped gallium arsenide (Table I). From this analysis, we
can obtain a rough estimate for the total thermal resistance and
thermal time-constant of a 5.5 µm diameter device by fitting
the simulated thermal response to an exponentially decaying
K
and τ = 500 ns.
curve: Rth = 1000 W
These estimates are helpful in understanding qualitatively
the dominant heat paths in the quasi-vertical diode structure.
The thin and poorly conductive SU-8 layer acts as a thermal
open-circuit. On the other hand, the highly conductive ohmic
behaves as a thermal short. The heat temperature of the hot
spot (anode) is therefore governed by the parallel thermal paths
formed by the mesa stack, and the gold airbridge.
B. Finite Element Model
While simple lumped equivalent circuit analogs provide
qualitative information for the thermal properties of the Schottky diode as well as intuitive guidance for thermal design,
finite element solvers can provide a more complete representation of the temperature distribution throughout the geometric
structure of the device. A finite element solution is acquired
using the ANSYS Mechanical [21] simulation tool. The mesh
size for the model is adjusted to 3 µm around the critical
features (diode stack and airbridge). The airbridge length is 17
µm, width is 5.5 µm, and thickness is 1.35 µm, corresponding
to the physical dimensions of the devices tested in this work.
The rectangular mesa dimension is 11 µm x 15 µm.

An input heat flux equal to the net electrical power dissipated divided by anode area is applied directly beneath the
diode contact. The bottom and side facets of the substrate
are fixed to the ambient temperature (293 K) and remaining
surfaces are assumed to be adiabatic. Convection and radiation
cooling mechanisms are assumed negligible. The steady state
and transient solutions are obtained by solving the conduction
heat equation [16]. The relevant material thermal properties
used in this analysis are listed in Table I [16]. The thermal
conductivity for the gold metallization is set to 214 W/m-K,

based on the measured electrical conductivity (3 x 107 S/m)
and the Wiedemann–Franz law. Thermal boundary resistances
[22] and other factors described in the Discussion section make
the thermal conductivity of the diode mesa stack difficult to
estimate. Therefore, these layers are lumped into a single layer
of thickness 1.37 µm. The effective thermal conductivity of
this layer is used as a fitting parameter to model the measured
results presented in the following section. In an effort to reduce
the number of fitting parameters, the ohmic and anode thermal
boundary conductances Ga and Gc are estimated using a timedomain thermo-reflectance (TDTR) measurement similar to
the one described in [2] to a value of 35 M W/m2 − K. The
other material parameters are well established values [16].
IV. M EASUREMENT
Experimental characterization of the thermal behavior of
submillimeter-wave Schottky diodes have generally included
the use of electrical techniques, whereby the temperature
dependence of the diode current-voltage characteristic is used
to estimate the junction temperature [13] [23] [24] [25], and
imaging methods (thermography) which typically utilize infrared microscopes to measure thermal radiation emitted from
the device [17][26]. Infrared imaging methods can provide
information on the temperature distribution over a device (or
array of devices), but with diffraction-limited spatial resolution
and frame rates that usually limit the ability to resolve thermal
time constants less than 1 µs. In this work, thermo-reflectance
(optical) and electrical transient measurements are used and
compared to characterize the thermal performance of quasivertical diodes integrated on silicon.
A. Thermo-Reflectance Measurements
The thermo-reflectance measurement technique is based on
the change in refractive index, and therefore surface reflectivity
(∆R/R), with changes in temperature (∆T), which can be
approximated to first order as [27]: ∆R
R = χ∆T (3). The
thermo-reflectance calibration coefficient χ depends on the
sample material, wavelength of the illuminating light, angle
of incidence (and, by extension, surface roughness), and the
composition of the sample. The thermo-reflectance calibration
coefficient typically varies from 10−2 to 10−5 K −1 [27], with
values reported in the literature for plated gold at 530 nm
[27][28][29][30][31] varying over a range of -3 x 10−4 to
-2.3 x 10−4 K −1 . Because the determination of the exact
coefficient of thermal reflectance for our device was extremely
difficult, the authors decided that measuring this quantity
would be outside the scope of this work. Instead, a value
of -2.65 x 10−4 K −1 is chosen (an average of the reported
values in the literature) and the uncertainty in the temperature
estimation (resulting from this choice) is incorporated in the
error analysis.
The experimental setup for the thermo-reflectance measurements is shown in Fig. 4(a). The change in the diode’s
surface reflectivity under a voltage-pulse heating excitation is
measured with a Microsanj NT210A unit [32] which includes
a signal generator, pulse generator, and a control unit. The

setup utilizes a green (530 nm) LED light source and a CCD
camera to sense the intensity of the reflected signal. 530 nm
light is chosen because the reflectivity of a gold surface is
sensitive near this wavelength [27].

Fig. 4. (a) Experimental setup for thermo-reflectance characterization of the
diode. (b) Optical image of the device under test (DUT).

As the change in surface reflectivity with temperature is
small, the signal measured by the CCD camera is averaged
over many device thermal excitation cycles. The CCD records
reflectance information only for the duration of the LED illumination pulse [30]. Consequently, the measurement requires
synchronizing the device excitation, LED illumination, and
image acquisition (as shown in Fig. 2 in [30]). A square-wave
voltage pulse train excites the diode with the ON voltage level
chosen to deliver the desired heating power to the diode. The
diode voltage and current are monitored using an oscilloscope
connected in shunt with the device, and an ammeter in series
with the set up. For each period, the voltage is ON for 50 µs
with a 30% duty cycle. These parameters allow the diode to
cool down completely to ambient temperature before the next
heating voltage pulse is applied. From these parameters, the
Microsanj software calculates the minimum width of the LED
pulse, and therefore the time resolution of the measurement,
to be 500 ns. The delay of the illumination pulse relative to
the device excitation pulse is controllable and the full diode
thermal transient can be assembled by acquiring a sequence
of images as the illumination pulse delay is adjusted in
increments relative to the rising edge of the diode excitation
pulse [33]. In this work, for each increment in pulse delay
time, the reflected light intensity measured by the CCD camera
is averaged for four minutes. Temperature maps of 5.5 µm
anode diameter diodes are obtained using this procedure.
Fig. 4(b) shows the top-view of the diode and Fig. 5 shows
its two-dimensional temperature maps at four sample times
during cooling. The input electrical power delivered to heat
the diode is 6.86 mW. A post-processing shadow algorithm
is used to remove data from non-planar surfaces that result in
erroneous intensity readings. Consequently, these areas appear
as black pixels in the 2-D images. The surface of the gallium
arsenide mesa is also shadowed as the thermo-reflectance of
this material is insensitive to light at 530 nm wavelength. The
temperature readings of the 2-D images are calibrated to gold,
using a thermo-reflectance coefficient of -2.65 x 10−4 K −1 .
Heating/cooling curves (Fig. 6) are obtained from the 2-D
temperatures maps. The temperature has been averaged over a

Fig. 5. Thermal maps of the diode obtained at times (a) 49.7, (b) 51.9,
(c) 54.6 and (d) 57.3 µs after removal of the heating excitation using thermoreflectance measurements. Note the temperature scale is indicated on the right.

rectangular region of interest (ROI) as indicated in Fig. 5(d).
This region contains 196 pixels, and is located at the top of
the anode pillar, as it is the closest visible region to the anodemesa contact which is the device’s hottest spot.

Fig. 6. (a) Measured and fitted heating and cooling transients of a 5.5 µm
diameter diode. The fitted curves utilize a single time constant of ∼ 2 µs. (b)
Measured cooling transient of this diode compared to the modeled transient
using ANSYS Mechanical finite element solver (solid line).

The heating and cooling transients at different power ex-

citation levels are presented in Fig. 6(a). As the thermoreflectance imaging measures changes in surface reflectivity,
the plot shows the temperature rise relative to ambient (293 K).
In this figure, as well as all subsequent plots, symbols indicate
measured values while lines represent the fitted or modeled
temperature. In Fig. 6(a), the lines are fitted (least squares
fitting method in Matlab) using an exponential function with
a single time constant (extracted from the cooling data),
used for both the heating and cooling transients. The thermal
parameters extracted from these fitted curves are summarized
in table II. The temperature rise and time constant are obtained
from the fitted exponential curves. The total thermal resistance
is then calculated using eq. (2). As anticipated, the peak diode
temperature rise scales linearly with dissipated electrical power
in accordance with eq. (2). The fitted value for the temperature
rise is in good agreement with the measurement. Furthermore,
cooling of the quasi-vertical diode is described with a single
time constant of 2 µs. This is in contrast to the planar
diodes reported in [25], which exhibit multiple time constants
and much slower thermal processes, as a consequence of
their geometry and integration using flip-chip bonding. Fig.
6(b) compares the measured cooling curves with the ANSYS
model, which are in good agreement. In the model, the thermal
conductivity of the mesa stack is adjusted to the value of 9.5
W/m-K to fit the measured data. The physical rationale and
validity of this fitted value will be discussed later in this paper.

Uncertainty in estimation of the peak temperature rise is
comprised of two components: the uncertainty in the choice
of the coefficient of thermo-reflectance for gold and measurement error. Error due to uncertainty in the thermo-reflectance
coefficient (q) for gold is found by obtaining the temperatures
corresponding to the ROI region given the minimum and
maximum values for q found in the literature. Measurement
error is found from the standard error of the mean using seven
thermo-reflectance measurements based on a 95% confidence
level. Finally, the fitting error in temperature T and time
constant τ correspond to a 95% confidence bound with an
R-square value of 0.999.
B. Electrical Transient Measurements
A second method for temperature characterization, based
on electrical transient measurements, was implemented to
estimate the diode temperature and thermal time constants
as well as to provide a comparison with both the thermoreflectance method presented above and other results reported
in the literature [25]. The electrical characterization method

employed utilizes the approach detailed in [25] and exploits
the temperature dependence of the current-voltage (I-V) relationship of the Schottky diode [34] to estimate junction
temperature.
In the present work, diodes with 5.5 µm diameter anodes
were mounted to a temperature-controlled stage, and I-V measurements were performed to obtain temperature calibration
curves. Fig. 7(a) shows the current-voltage characteristic of a
5.5 µm diameter anode quasi-vertical diode at ambient temperature. At low applied voltages, conduction through the highresistivity silicon substrate dominates the I-V characteristic
and appears electrically as a 10 KW resistor shunting the diode.
A sensing voltage VM , between 0.56 V and 0.58 V, is selected
in the region of the I-V curve where conduction through the
diode is dominant, but remains sufficiently low to minimize
self-heating. The resulting calibration curves are shown in Fig.
7(b). A third-order polynomial fit (solid line) is used to obtain
a temperature-current relationship for each sensing voltage.
Transient current measurements were performed using a
Keysight B1500A Semiconductor Parameter Analyzer, with
two remote-sense and switch units (RSUs), each connected
to a diode terminal. One RSU is used to apply a transient
step voltage waveform, that is switched between the heating
voltage, VH = 0.75 V, to the sensing voltage VM . The heating
voltage is chosen to deliver 6.92 mW to the diode, near that
used for the thermo-reflectance method, and is held for 50 µs
so that the diode heating reaches steady-state. After 50 µs, the
applied voltage is reduced linearly to VM over a 10 ns interval
and the second RSU measures the transient current. A thirdorder polynomial fit for the measured temperature-current
curves of Fig. 7 is used to convert the measured transient
current to temperature. A 1.4 µs delay is introduced after
the voltage is switched to VM before recording the transient
current used for the temperature curves. This delay allows for
electrical transients to settle. The measured thermal transients
shown in Fig. 8 are fitted using an exponentially decaying
function with time constants indicated in the figure inset. Note
that the best fit to the electrical transient method requires two
time constants, in contrast with the thermo-reflectance measurement, which exhibits a single time constant. Nevertheless,
the two methods give comparable results regarding the net
time required for these diodes to cool from their operating
temperature to ambient — approximately 10 µs — which,
notably, is several orders-of-magnitude lower than for GaAs
flip-chip mounted diodes reported in the literature [25].
V. D ISCUSSION
The cooling transient parameters and time constants extracted from both measurement techniques, although similar,
exhibit some differences that are likely a consequence of
the specific physical parameters measured in each case and
the inherent limitations of each technique. Thermo-reflectance
provides temperature maps and cooling transients by sampling
the reflectance of visible light from the metallized (gold)
surface of the diode’s anode contact. Unlike the electrical characterization approach, this technique permits both the heating

Fig. 7. (a) Measured and fitted current-voltage relation for a 5.5 µm diameter quasi-vertical diode. (b) Measured diode temperature-current calibration
curves for three different sensing voltages, VM .

Fig. 8. Measured and fitted thermal cooling transients for a 5.5 µm diameter
quasi-vertical diode using electrical transient measurements. Results obtained
from thermo-reflectance measurements (triangles) of the same diode are shown
for comparison. Deviation of electrical transient data from a straight line
indicates the necessity of two time constants.

and cooling transients to be measured. However, as the thermoreflectance method samples the surface temperature only, the
internal temperature at the junction of the device is not directly
monitored and must be inferred. In addition, the necessity to
average over many heating and cooling cycles restricts the
sample rate for measurement and limits its capacity to observe
transients with short time constants. On the other hand, the
electrical transient method is an established technique that
utilizes standard electrical instruments and provides a means
for estimating the internal temperature of the diode junction,
even if the device is packaged. This technique is capable
of measuring short time constants but is also subject to

a number of potential sources of error. As the measured
parameter (electrical current) depends on both electrical and
thermal transients, the data must be interpreted carefully and
necessitates the introduction of a time delay between the
removal of the electrical stimulus and collection of data to
allow the electrical portion of the transient to settle. The
diode junction temperature is estimated through extrapolation
and the temperature transient monitored by the change in
diode current at a fixed low-level “sensing” voltage, which
potentially can introduce self-heating of the device. Moreover,
this method of thermal characterization is not capable of
producing temperature maps or accounting for the effects of
non-uniform heating in the device structure.
In this work, a delay of 1.4 µs was introduced for the
electrical transient measurement to allow sufficient time for
the electrical response of the diode and measurement instrumentation to decay and three different sensing voltages were
used to monitor the thermal response. Extrapolation of these
transients yield similar operating temperatures (27ºC±1.5ºC,
Fig. 11) that are in good agreement with one another and also
with the value obtained using thermo-reflectance (27.82ºC).
These results suggest that sufficient time has elapsed and
that the transient response after this delay is dominated by
cooling of the device and that the sensing voltage does not
introduce significant self-heating. Interestingly, the electrical
transient measurement data exhibits two time constants (of
approximately 1 µs and 5 µs), consistent with the results
obtained in [25], while the thermo-reflectance data is described
with a single time constant of approximately 2 µs. There are
several possible explanations for this. The sampling rate of the
thermo-reflectance technique (0.5 µs) under a 50 µs excitation
limits its capacity to resolve short time constants that could
be associated with rapid thermal processes within the diode.
Furthermore, thermo-reflectance deduces temperature based on
the optical reflectance from the surface metallization of the
anode and finger contact, so data obtained from this method is
not influenced by the electrical response of the device which
exhibits both electrical and thermal transients. Of particular
note is that the two characterization methods essentially probe
different regions in the device: thermo-reflectance monitors the
surface temperature while the electrical transient measurement
estimates the internal temperature of the diode junction and
substrate.
It should be noted that this model utilizes a single fitting
parameter, representing the effective thermal conductance of
the diode mesa epitaxial stack, with value of 9.5 W/m-K.
As the epitaxial stack consists of two n-doped GaAs layers
(280 nm and 1 µm) layers, a GaAs/InGaAs interface, and a
90 nm graded Inx Ga1−x As layer, it is difficult to predict
apriori the thermal boundary resistance of the interfaces and
the thermal resistivity of the thin layers. Using bulk material values for the thermal conductivities (44 W/m-K for
GaAs, and 5.5 W/m-K for InGaAs), and a measured value
(based on time-domain thermal reflectance measurements)
for the GaAs/InGaAs thermal boundary conductance of 90
M W/m2 − K, the total thermal resistance of the mesa stack

Rm (Fig. 3) can be estimated to be 2380 W/m-K. Using
this value and the expression for thermal resistance [19],
the equivalent thermal conductivity for the epitaxial stack is
estimated at 24 W/m-K. Noting that the values of thermal
conductivities for thin films are typically significantly smaller
than their corresponding bulk values (due to size-effects and
doping) [35], the fitted thermal conductivity of the mesa (9.5
W/m-K) for the finite-element model is reasonable.
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