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Abstract—The performance of high-power photodiodes flip-chip
bonded on polycrystalline aluminum nitride (AlN), single-crystal
AlN, and diamond submounts are compared. The thermal boundary conductance (inverse of the thermal boundary resistance) between submount/titanium interfaces was measured and found to
be the primary impedance to heat dissipation. Thermal profiles of
the flip-chip-bonded devices were simulated to project the power
density at failure, which is found to be inversely proportional to
the diameter of the photodiodes.
Index Terms—Failure analysis, flip-chip devices, photodiodes,
thermal conductivity.

I. INTRODUCTION
IGH-POWER, high-linearity photodiodes are essential
components for analog optical links as they can enable
high link gain, low noise figure, and high spurious free dynamic
range. To achieve high RF output power at high frequency, various photodiode structures have been developed, among which
the uni-traveling carrier (UTC) structure has demonstrated high
saturation current at high frequency [1]–[4]. The RF output
power of a UTC photodiode is generally limited by two effects:
one is the space charge screening, which can cause the electric field to collapse in the depletion region and saturation of
the output power [5]–[6]; the other is thermal failure [7]–[8].
Various approaches to overcome thermal restrictions have been
reported [9]–[15]. Among them, flip-chip bonding to a highthermal-conductivity heat sink has achieved the best results.
In principle, a higher thermal conductivity submount material
should enable higher power density at failure, which translates
to higher maximum RF output power. However, the observed
improvement in maximum RF output power is significantly less
than would be projected based solely on the relative increase
of thermal conductivities of the submounts [16]. This indicates
the existence of other sources of thermal resistance within the
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flip-chip-bonded structure that can significantly impact device
performance.
This work reports a study of three types of submounts: polycrystalline AlN (Cetek), single-crystal c-plane AlN (HexaTech), and chemical vapor deposition (CVD) grown diamond
(Element Six), which have thermal conductivities of around
150, 255, 2500 W m−1 K−1 , respectively, that were measured
as part of this work. Modified-UTC (MUTC) photodiodes [17],
[18] were flip-chip bonded onto these submounts and their
characteristics were measured. The thermal properties of the
submounts were examined via time domain thermoreflectance
(TDTR) measurements [19]–[24]. In addition to the thermal
conductivities of the submounts, the thermal boundary conductances across the submount/Ti interfaces were also measured.
Thermal boundary conductance is a measure of interface thermal resistance to thermal flow. These thermal boundary conductances were relatively constant regardless of the submount,
with values ranging from ∼170 − 235 MW m−2 K−1 . This submount/Ti thermal boundary conductance, the inverse of which is
the thermal boundary resistance [20], [25], [26], was identified
as the thermal resistance that limits the heat dissipation of these
photodiodes. Thermal profiles of the flip-chip-bonded devices
were simulated with the measured thermal properties. The simulated power density at failure matches well with experimental
data. A numerical approach was employed to estimate power
density at failure; it was found to be inversely proportional to
the diameter of the photodiodes.

II. DEVICE FABRICATION
Optical microscopy and scanning electron microscope (SEM)
images of a flip-chip-bonded photodiode with submount are
shown in Fig. 1(a) and (b), respectively. Fig. 1(c) is a cross
sectional schematic of the photodiode-submount structure. The
MUTC photodiode chip is the light rectangle in Fig. 1(a). The
detailed epitaxial structure of MUTC photodiode has been described in [8]. The active area of the photodiode is a round
mesa that was defined by a dry-etch process. A Ti/Pt/Au metal
stack was deposited for both the p- and n-type contacts. A
250 μm-thick SiO2 layer was deposited on the back of the
wafer as an antireflective coating, and then the wafer was diced
into 1.3 mm × 1 mm chips. The bottom section in the figures
is the submount with ground-signal-ground contact pads. Gold
bonding layers were plated on both the photodiode and the submount. The photodiode chips were bonded onto the submount
pads using a FINEPLACER pico ma system. Most of the heat
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Fig. 2. Maximum RF output power prior to failure versus photocurrent measured at 8.67 GHz for polycrystalline AlN, single-crystal AlN and CVD diamond
submounts.

Fig. 1. (a) Microscopic image of the photodiode flip-chip bonded on the
submount. (b) SEM image of the flip-chip-bonded device. (c) Cross-sectional
view of the photodiode with detail structure of metal contact layers and gold
bonding layers.

generated in the junction is dissipated through the metal contact, gold bonding layers, and submount. Thirty MUTC chips
fabricated from the same wafer were bonded for this study.
Ten devices were randomly chosen to bond with each type of
submount.

The average highest RF output power for photodiodes bonded
to single-crystal AlN is slightly higher than that for the polycrystalline AlN submounts. While the average highest RF output
power for CVD diamond submounts is 1.5 dB higher than the
AlN devices. However, the 1.5 dB improvement in RF output
power is significantly less than the order of magnitude difference
in thermal conductivities between diamond and AlN.
To further examine the performance of the devices, the power
conversion efficiencies for all three submounts at different biases were calculated. The total power delivered to the photodiode must equal the sum of the output power delivered by the
photodiode and power dissipated in the photodiode [27], i.e.,
PO pitcal,I N + PD C ,I N = PR F ,O U T + Pdisspated

III. DEVICE CHARACTERIZATION AND DISCUSSION
An optical heterodyne setup with modulation depth close to
100% was used to measure responsivity, bandwidth, and saturation characteristics. All of the devices have a diameter of
40 μm. Responsivity and dark current at −5 V were ∼0.6 A/W
and ∼100 nA, respectively. For measurement of the saturation
current the lensed fiber that illuminates the devices was pulled
back to the position where the photocurrent dropped to half the
peak photocurrent in order to maintain spatially uniform illumination. All devices under test were placed on a copper heat
sink with a temperature of ∼20 °C. In the failure test, all of
the devices were measured at 8.67 GHz. Each photodiode was
first measured at a relatively low bias (−5 V) and the bias was
increased. At each bias, the optical input power was gradually
increased in order to achieve higher RF output power. When the
device reached saturation as indicated by 1 dB compression, the
highest RF output power and the corresponding average photocurrent were recorded. The bias was then increased and the
procedure was repeated until the device reached thermal failure. The highest RF output powers versus photocurrent prior to
thermal failure are shown in Fig. 2.

(1)

PO pitcal,I N is the input optical power, PD C ,I N is the electrical power delivered to the photodiode, PR F ,O U T is the RF
power delivered to the load which can be measured by an RF
power meter, and Pdissipated is dissipated heat. The ratio of the
RF output power to the total input power is the power conversion
efficiency, which can be expressed as
PR F ,O U T
(mω · Iph )2 Rload /2
=
2 R
PO ptical,I N + PD C ,I N
mω · Iph
load + Iph /r
(2)
where mω is the modulation depth of the fundamental RF signal, Rload is the load resistance. Iph and r are the average
photocurrent and responsivity of the photodiode, respectively.
The maximum PCE equals mω /2 when Iph approaches infinity.
Fig. 3 shows the power conversion efficiency of the photodiodes
on the three submounts at different bias. The power conversion
efficiency of the devices on the single-crystal AlN submounts
is slightly better than that using the polycrystalline AlN submounts. The power conversion efficiency of the devices on CVD
diamond is ∼5% higher than the AlN devices, which is ascribed
to the fact that heat dissipates more efficiently into and through
ηP C E =
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Fig. 3. Power conversion efficiency of photodiodes on polycrystalline AlN,
single-crystal AlN, and CVD diamond submounts at different bias.

Fig. 4. TDTR measured thermal boundary conductance versus thermal conductivity of polycrystalline AlN, single-crystal c-plane AlN, and CVD diamond
submount with Ti as an adhesive layer.

the CVD diamond; we discuss this in more detail in the following section. Thus the devices on CVD diamond achieve higher
photocurrent before thermal failure, and a higher photocurrent
directly relates to higher power conversion efficiency.
IV. CHARACTERIZATION OF THERMAL PROPERTIES AND
DISCUSSION
The thermal failure characteristics are related to the type of
submount. However, there is an additional consideration, the
commonly neglected thermal boundary resistance between the
submounts and the Ti metal layer. Titanium serves as an adhesive
layer between the gold bonding layer and the submount. TDTR
measurements were performed to measure the thermal conductivity of the three submount materials and the thermal boundary
conductance (the inverse of the thermal boundary resistance)
of the submount/Ti interfaces. A detailed description of TDTR
and the method used to extract thermal resistance values can be
found in [20], [22]–[25]. The measured thermal conductivities
of polycrystalline AlN, single-crystal c-plane AlN, and CVD
diamond and the submount/Ti thermal boundary conductances
were showed in Fig. 4.
The corresponding thermal resistance associated with the submount/Ti interface is orders of magnitude larger than the resistances associated with the metal stack and the isolated submount
layer. For example, the thermal resistance at these submount/Ti
interfaces functions the same as a ∼7 nm layer of amorphous
SiO2 (an equivalent thermal resistance of ∼5 m2 K GW−1 ). This
results in a thermal bottle neck that limits the heat dissipation
of the photodiodes.
A 3-D thermal model of the flip-chip-bonded devices based
on the finite-element simulator COMSOL Multiphysics was
created to project the power density at failure. The measured
thermal boundary conductance and thermal conductivity of the
submounts were incorporated into the model. It was assumed
that the devices failed at a common core temperature of 470 K

Fig. 5. Measured (symbols) and simulated (dashed lines) dissipated power
density at failure compared versus device diameter.

[8]. The power density at failure was projected for bare photodiodes without flip-chip bonding and for photodiodes bonded to
Si, polycrystalline AlN, single-crystal c-plane AlN, and CVD
diamond submounts. The simulations are shown as dashed lines
in Fig. 5. The dots in Fig. 5 are the measured power densities at failure for these submount configurations [10]–[15]. The
thermal model fits well with the experimental results.
One can also observe that the smaller devices have higher
power density at failure. To explain this, a simple model was
developed to investigate the relationship between device diameter and the power density at failure. The photodiode is modeled
as a circular heat source having radius, a, and the submount
with thermal conductivity, k, can be assumed to be much larger
than the heat source as illustrated in Fig. 6, i.e., b >> a. A
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Fig. 6.

Model for dissipated power density at failure.

steady-state problem can be defined and the temperature field is
two-dimensional in circular coordinates, T(r, z).
The mixed-boundary conditions on the top surface are:
z = 0, a > r > 0, T = To
z = 0, r > a,

∂T
=0
∂z

(3)
(4)

The total heat flow from the isothermal circular source into
the heat sink can be expressed as [28]:

∂T
2πr · k · dr
(5)
Q=
s ∂Z
 a
∂T
dr
(6)
Q=
−k · 2πr ·
∂Z
0
Q = 4kaT0

(7)

It follows that the total heat power density per unit area of the
heat source is
Pden sity =

4kaTo
4kTo
=
πa2
πa

(8)

The calculated power density at failure via this simple 2-D
model is inversely proportional to the diameter of the photodiodes. This explains the trend that smaller devices have higher
power density at failure as shown in Fig. 5.
V. CONCLUSION
In conclusion, the thermal performance of MUTC photodiodes mounted on single-crystal AlN is slightly better than those
on polycrystalline AlN. The average highest RF output power
of photodiodes bonded to CVD diamond is 1.5 dB higher than
those on AlN. The improvement in RF output power is significantly less than the relative difference of thermal conductivities
of diamond and AlN. Thermal boundary resistance between the
submount and the Ti layer was found to be the heat dissipation
bottleneck.
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