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Abstract—We demonstrate hermetically packaged InGaAs/InP
photodetector modules for high performance microwave photonic
applications. The devices employ an advanced photodiode epitaxial layer known as the modified uni-traveling carrier photodiode
(MUTC-PD) with superior performance in terms of output power
and saturation. To further improve the thermal limitations, the
MUTC-PDs were flip-chip bonded on high thermal conductivity
substrates such as Aluminum Nitride (AlN) and Diamond. Modules
using chips with active area diameters of 40, 28, and 20 μm were
developed. The modules demonstrated a 3-dB bandwidth ranging
from 17 GHz up to 30 GHz. In continuous wave mode of operation, very high RF output power was achieved with 25 dBm at
10 GHz, 22 dBm at 20 GHz, and 17 dBm at 30 GHz. In addition,
the linearity of the modules was characterized by using the third
order intercept point (OIP3) as a figure of merit. Very high values
of OIP3 were obtained with 30 dBm at 10 GHz, 25 dBm at 20 GHz
and more than 20 dBm at 30 GHz. Under short pulse illumination
conditions and by selectively filtering the 10 GHz frequency component only, a saturated power of >21 dBm was also measured. A
very low AM-to-PM conversion coefficient was measured, making
the modules highly suitable for integration in photonic systems for
ultralow phase noise RF signal generation.
Index Terms—1-dB compression, Analog photonic links, highpower photodetectors, millimeter-wave source, modified unitraveling carrier photodiode (MUTC-PD), third-order intermodulation distortion (IMD3).

I. INTRODUCTION
T has been shown that high-power, high-linearity photodiodes provide significant advantages in many analog photonic
applications including analog optical links [1], antenna transmit
and receive applications [2], and photonic microwave generation [3]. In these systems the photodiode (PD) must be able
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Fig. 1. Image of the packaged high power photodetector module with highfrequency RF interface.

to deliver very high photocurrent level and, thus, high RF output power, to improve link gain and SNR, while maintaining
high linearity. Several photodiode structures including the unitraveling carrier (UTC) PD [4], the partially-depleted-absorber
PD [5], and the modified UTC (MUTC) PD [6] have been developed to alleviate the space-charge screening effect that limits
the high-power capability. Through uniform absorber illumination [7], and the use of substrates with high thermal conductivity [8] RF output power levels have been further improved.
Although significant previous work on high-power photodetector chip technology has been published, only a limited number
of module demonstrations have been reported so far. Demonstrations of packaged modules based on a partially-depletedabsorber chip design reported high power levels of up to 25 dBm
at 5 GHz in a TO-can package [9] and 29 dBm at 5 GHz in a
butterfly package using an array of 8 PDs and a Wilkinson RF
power combiner [10]. However, in [9] the 3-dB bandwidth of
the modules was limited only to 8 GHz.
In this paper, we demonstrate fully-packaged photodetector
modules based on an MUTC-PD design with a 3-dB bandwidth of up to 30 GHz. An image of the packaged module
is shown in Fig. 1. The modules achieved record-high output
power levels of up to 25 dBm at 10 GHz, 22 dBm at 22 GHz, and
17 dBm at 30 GHz. In addition, highly linear performance was
achieved up to very high photocurrent levels. An output third
order intercept point (OIP3) ranging from 30 dBm at 10 GHz
to 20 dBm at 30 GHz was measured. Very high output power
was also measured in pulsed mode operation together with low
values of AM-to-PM conversion coefficient. Therefore, these
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Fig. 2. DC power at the point of failure defined as the product of the reverse
bias and the average photocurrent normalized to PD area.

photodetector modules can be key components for a wide range
of microwave photonic systems.
II. PHOTODIODE CHIP DESIGN
The photodiode epitaxial layer stack corresponds to a
charge compensated MUTC-PD with both absorbing and nonabsorbing depleted regions as described in [11]. The InGaAs
absorber region with a thickness of 850 nm is comprised of a
150 nm n− layer and four step-graded p-doped layers ranging
from 5 × 1017 to 2 × 1018 cm−3 . The 900 nm InP electron drift
layer is slightly n-type doped for space charge compensation.
Thin bandgap-graded InGaAsP layers are used to smooth the
abrupt band barrier at the InGaAs–InP heterojunction interface.
The structure also incorporates a 50 nm moderately n-type doped
InP cliff layer to maintain high electric field at the absorber-drift
layer interface. Back-illuminated mesa structures with diameters ranging between 14 μm and 56 μm were fabricated using
standard microfabrication technologies [11]. Typical measured
dark currents and responsivities at 1550 nm were 20 nA at 5 V
and 0.7 A/W, respectively.
It has been previously shown that these MUTC-PDs with
cliff layer have mitigated the space-charge effect to the extent
that thermal management has become the primary determining factor for high-power operation [12]. To improve thermal
dissipation MUTC-PDs were flip-chip bonded to high-thermal
conductivity submounts using an Au-Au thermo-compression
bonding process. As shown in Fig. 2, the maximum dissipated
power density of the photodiodes was increased by 65% to 90%
as the result of flip-chip bonding on AlN substrate. Even higher
values can be obtained when using diamond substrates. It is
worth mentioning that smaller PDs sustain larger power densities; a fact that indicates the presence of a lateral component in
the heat transport. It implies that the maximum available output
power does not strictly scale with PD area which may benefit
high-speed PDs. A flip-chip bonded 50 μm-diameter PD on AlN
demonstrated a 1-dB compression current of 230 mA and maximum output power of 30 dBm at 10 GHz and 11 V reverse bias
voltage. For a 40-μm-diameter PD a saturation current >180 mA
was measured; the maximum RF output power was 28.8 dBm
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Fig. 3. Frequency response measurements using an LCA of two packaged high
power photodetector modules with 40 μm active area diameter (blue, triangles)
and 20 μm active area diameter (red, inverse triangles).

at 15 GHz. Since these photodiodes can be operated at a high
reverse bias, the minimum OIP3 was larger than 47 dBm in the
range of 40 to 160 mA at 300 MHz and remained above 30 dBm
up to average photocurrents of 170 mA at 15 GHz [12].
III. MODULE BANDWIDTH AND RF SATURATION
The MUTC-PD chips were packaged hermetically with an
SMF interface for efficient light coupling and an RF connector
suitable for high frequency operation up to 67 GHz. An external
bias-tee was used for all measurements reported here, while in
order to obtain the maximum output power from the module,
no impedance matching network was included in the package.
Two types of chips were packaged with the reported technique.
The first type included PD chips with a 40-μm active area diameter flip-chip bonded on an AlN substrate while the second type
included chips with 40, 28, and 20 μm active area diameters
on a diamond substrate. Inside the package, a thermoelectric
cooler was placed in order to allow for thermally stable operation and efficient heat dissipation. All module measurements
reported here were taken at a stabilized temperature of 15 ◦ C,
as provided by the thermistor reading. The constant temperature level provided a reference for stable and repeatable results.
A 45◦ angle-cleaved SMF was used to couple light into the
back-illuminated MUTC-PD through the anti-reflection coated
substrate. To achieve the highest linearity and the best power
saturation performance, the modules were coupled at a responsivity of 0.4 A/W at 1550 nm which was approximately 60% of
the maximum achievable value (0.7 A/W).
Initially, the frequency response of the modules was measured up to 50 GHz with a calibrated Lightwave Component
Analyzer (LCA). In order to measure the frequency response of
the modules, appropriate light amplification was applied to the
optical signal from the LCA. Measurements were taken from
two modules, one with a 40 μm active area diameter on an
AlN substrate and one with a 20 μm active area diameter on
diamond. The results obtained at a dc photocurrent of 50 mA
and reverse bias voltage of 5 V are shown in Fig. 3. In good
agreement with chip-based measurements, 3-dB bandwidths of
23 and 13 GHz were measured for the modules with 20 and
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Fig. 4. S11 (RF return loss) of two packaged high power photodetector modules with 40 μm active area diameter (blue, triangles) and 28 μm active area
diameter (red, inverse triangles).
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Fig. 6. Output RF power (left y-axis) in dBm and power compression (right yaxis) as a function of the dc photocurrent for a module using a 40 μm active area
diameter MUTC-PD chip at 10 GHz (red squares) and 15 GHz (blue circles).

Fig. 5. Variation of 3-dB bandwidth as a function of module with a 40 μm
diameter PD (black triangles) and a 20 μm PD (red squares).

Fig. 7. Output RF power (left y-axis) in dBm and power compression (right
y axis) as a function of the dc photocurrent for a module using a 28 μm active
area diameter MUTC-PD chip at 20 GHz (red squares) and a module using a
20 μm active area diameter MUTC-PD Chip at 30 GHz (blue circles).

40 μm active area PD chips, respectively. The RF return loss
(S11) was also measured using the same instrument for two
modules without any impedance matching network and the results are plotted in Fig. 4. As a next step, the 3-dB bandwidth
dependence with the respect to the DC photocurrent at a constant
bias level was measured for these two modules and the results
are shown in Fig. 5. A photocurrent-dependent 3-dB bandwidth
was observed especially for the devices with the smaller active
area diameter (20 μm), ranging from below 10 GHz at a photocurrent of <10 mA to 30 GHz at the maximum measurement
photocurrent of 70 mA. The fact that both modules demonstrate
a similar bandwidth at photocurrents below 25 mA indicates that
at these photocurrent levels the response is transit-time limited
and dominated by the electron diffusion time. This behavior is
attributed to the self-biasing effect in the absorber of the MUTCPD and has also been reported in other publications reporting
photodiode chips with a UTC-PD or an MUTC-PD epitaxial
structure [13]–[15].
The RF output power of the modules was measured at frequencies up to 30 GHz using an automated optical heterodyne
system. The measurement system consists of two tunable lasers,
polarization controllers, a high power EDFA and a calibrated RF
power meter. The results for a packaged module using a PD with
an active area diameter of 40 μm flip-chip bonded on AlN are

shown in Fig. 6. The module demonstrated extremely high output RF power levels with 25 dBm at 10 GHz and 24 dBm at
15 GHz at a reverse bias voltage of 8 V and a maximum DC
photocurrent of 150 mA. It is also noteworthy that this measurement was limited by the available output optical power from the
EDFA and that the device remains below the 1-dB compression
point up to 150 mA for these frequencies. By defining the power
conversion efficiency (PCE) as the ratio of the output RF power
to the total electrical dissipated power, PCE values of 26% at
10 GHz and 21% at 15 GHz are calculated. PCEs of even up
to 53.5% have also been reported in [16] but at much lower
frequencies (<1 GHz).
The second type of modules using 28 and 20 μm active area
diameter PD chips flip-chip bonded on a diamond substrate and
the same packaging configuration was also measured using the
same heterodyne system and the results are shown in Fig. 7. In
this case, output power levels of 22 dBm at 20 GHz and 17 dBm
at 30 GHz at a reverse bias voltage of only 5 V were achieved
from the 28 μm and the 20 μm devices, respectively. The corresponding photocurrents at which the 1-dB compression occurs
were 105 mA (28 μm, 20 GHz) and 74 mA (20 μm, 30 GHz).
No significant difference in the RF-saturation performance
was observed between modules using 40 μm chips with two
different substrates. For example, the 1-dB compression currents
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Fig. 8. Output third order intercept point measurement at 10 GHz at a reverse
bias voltage of 8 V and a 100 mA photocurrent for a module with a 40-μm
diameter PD.
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Fig. 9. OIP3 measurement as a function of the dc photocurrent at 10, 15, and
20 for PDs with active area diameters of 40, 28, and 20 μm, respectively. All
measurements were taken at a reverse bias of 5 V.

at a frequency of 15 GHz for the same bias voltage (5 V) were
found to be 143 and 146 mA for modules using Chips with AlN
and Diamond substrates, respectively. This small difference can
be attributed to the fact that both modules were operated far
from the power density dissipation point of failure and thermal
effects seemed to play no significant role in this.
IV. LINEARITY MEASUREMENTS
The OIP3 of the packaged modules was characterized using a two tone experimental setup, similar to the ones reported
in [17], [18]. The laser spectral spacing was kept large enough
(150 GHz) to avoid any possible interference with the heterodyne signal. The two synthesizers used to produce the fundamental tones were synchronized and an offset of 10 MHz was
used between the two tones. The two tones were combined and
amplified and the resulting RF signals were measured using a
50 GHz Electrical Spectrum Analyzer, which was also synchronized with the synthesizers. For the module using the PD with a
40 μm active area diameter the OIP3 at 10 GHz was measured
up to 100 mA. The experimental results at a dc photocurrent of
100 mA, reverse bias voltage of 8 V and a fundamental tone
frequency of 10 GHz are plotted in Fig. 8. The calculated OIP3
was found to be 32.5 dBm.
As a next step, the OIP3 of modules with chips with 40, 28,
and 20 μm was measured with respect to the DC photocurrent
at frequencies of 10, 15, and 20 GHz, respectively. Fig. 9 shows
the results of these measurements for the three different modules
at a reverse bias voltage of 5 V. In the linear region of operation
of the modules the corresponding OIP3 values were found to
be in the order of 30 dBm at 10 GHz, 25 dBm at 15 GHz, and
20 dBm at 20 GHz.
V. APPLICATIONS
The generation and dissemination of low noise microwave
signals has applications in radar, high-speed signal processing,
and time and frequency transfer. Optical frequency division,
where a stable optical frequency is coherently divided to the
microwave domain by an optical frequency comb, has recently
emerged as a technique to generate microwave signals with

Fig. 10. Saturation of the output power of a packaged MUTC photodiode
under short pulse (<10 ps) illumination used for optical frequency division. The
ideal photodiode curve differs from the case of continuous sine-wave modulation
shown in the other graphs by 6 dB.

extremely high spectral purity [19]. By photodetecting the optical pulse train of the frequency comb, 10 GHz signals have been
produced with absolute phase noise below –100 dBc/Hz at 1 Hz
offset, and nearly –180 dBc/Hz at 1 MHz offset. Such low noise
places stringent demands on the power handling, noise, and
linearity of the photodetection process under ultrashort optical
pulse illumination. Here we discuss the saturation and linearity
characteristics of a packaged 40 μm MUTC-PD flip-chip bonded
on AlN heatsink when illuminated by picosecond optical pulses
from an erbium fiber-based frequency comb.
With sufficiently low phase-noise, fundamental thermal noise
can be a limiting factor in performance. Thus to improve the
thermal noise limit, higher output microwave power is required.
The microwave power saturation behavior of a photodiode under short-pulse (<10 ps) illumination differs from sine-wave
illumination of the photodiode, reaching saturation at much
lower microwave powers [20]. This problem is exacerbated
when the optical pulse repetition rate is much lower than the
microwave frequency to be generated. To counteract this effect,
the 208.33 MHz repetition rate from our erbium fiber modelocked laser was multiplied via pulse interleaving in a series
of delay-line interferometers with half-period delays [21]. This
resulted in a saturation power over 21 dBm at 10 GHz, shown
in Fig. 10 for the packaged MUTC-PD at a reverse bias of 8 V.
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By operating the photo-diode in one of the AM-to-PM conversion minima, contribution of laser intensity noise to the phase
noise can be reduced by up to 30 dB, enabling exceptionally
low phase noise microwave signals.
VI. CONCLUSION

Fig. 11. Short pulse AM-to-PM measurement. Only one stage of the 5-stage
pulse interleaver is represented. PI, pulse interleaver; EDFA, erbium-doped fiber
amplifier; AOM, acousto-optic modulator; BT, bias tee; BPF, 10 GHz bandpass
filter; VA, variable attenuator; FFT, fast Fourier transform spectrum analyzer.
Inset: The AM-to-PM conversion factor for the packaged MUTC photodiode.

It should be noted the ideal photodiode curve in Fig. 10 differs
from the case of sine-wave illumination by 6 dB due to the nature of short pulse illumination [22]. This is one of the highest
reported 10 GHz power levels under short pulse illumination,
for microwave power >20 dBm, the thermal noise-limited phase
noise floor is <–197 dBc/Hz, and offers the potential for significant improvement in the microwave phase stability. However
the phase noise floor may be limited by laser intensity noise
coupled to microwave phase noise through amplitude-to-phase
conversion in the photodiode, as outlined below.
In addition to high power, high linearity impacts the phase
noise of the generated microwave signals. Whereas OIP3 is commonly used to assess the linearity of photodetectors in photonic
links, here the appropriate measure of linearity is amplitudeto-phase (AM-to-PM) conversion. AM-to-PM conversion limits the phase stability of the generated microwave signals by
coupling the optical pulse intensity fluctuations to phase fluctuations of the generated microwave [23], [24]. The setup used
to quantify the AM-to-PM in the MUTC photodiode is shown
in Fig. 11. The interleaved output of the erbium fiber laser was
optically amplified and an acousto-optic modulator was used to
amplitude modulate the optical pulse train at a frequency ωA M .
The resulting 10 GHz signal from the MUTC photodiodes was
band-pass filtered and mixed with another signal at frequency
(10 + δ) GHz to generate a signal at frequency δ (< 5 MHz).
This signal was then phase-demodulated in an FFT analyzer. The
AM-to-PM in the photodiode converts the AM tone at ωA M to
PM at the same frequency, the strength of which is normalized
to the fractional amplitude variation of the optical pulse train to
calculate the AM-to-PM conversion factor.
The resulting phase modulation on the photo-detected microwave signal was measured for different photocurrents at a
constant temperature of 15 ◦ C. Results of the AM-to-PM measurement for the packaged MUTC-PD are shown as the inset
in Fig. 11 for low photocurrent. The MUTC-PD retains a high
level of linearity without sacrificing output power. The presence of AM-to-PM conversion minima indicates the preferred
photo-current at which to operate the device, and previous measurements show repeated minima at higher photocurrents [25].

Hermetically packaged photodetector modules suitable for
microwave photonic applications are demonstrated. The modules employ flip-chip bonded MUTC-PD chips on high-thermal
conductivity substrates, suitable for extremely high current operation. The modules exhibit very high output power levels together with very high OIP3 values. The excellent saturation
power behavior measured in continuous wave mode is also
maintained under short optical pulse excitation with highly stable fiber lasers. These features make our photodetector modules
highly suitable not only for high performance analog photonic
links, but also for use in photonic ultralow phase noise RF generation systems.
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