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Abstract— We report uni-traveling-carrier photodiodes with
a quantum efficiency of 98% ±0.8% at 1064 nm. For 50 µm
devices, the measured 3-dB bandwidth is 2 GHz and the dark
current is 10 nA at a bias voltage of −5 V. The dark current
is dominated by generation-recombination at a bias voltage of
−10 V and the activation energy is 0.23 eV. At higher bias voltage,
tunneling becomes a significant component of the dark current.
Index Terms— Photodiode, quantum efficiency, quantum
information, uni-travelling-carrier.
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I. I NTRODUCTION

IGH-QUANTUM-EFFICIENCY photodiodes are key
components in quantum information and quantum optical systems [1]–[4]. The two most common approaches to
increase the quantum efficiency are to employ a resonantcavity-enhanced (RCE) structure or to increase the thickness of
the absorbing region. For RCE photodiodes a thin absorption
region is located inside a Fabry–Perot cavity [5]–[7]. The
incident light at the resonant wavelength reflects back and
forth in the cavity, which effectively increases the optical
absorption length. Since a thinner absorber enables shorter
transit-time, this structure has the potential for high bandwidth
without degrading the quantum efficiency [8]. However, RCE
detectors tend to be more complex than a single pass detector and they achieve high quantum efficiency in a narrow
spectral range. The most straightforward method to achieve
high quantum efficiency is simply to increase the thickness
of the absorber [9]. On the other hand, if the layer is too
thick, recombination can become a limiting factor. Therefore,
it is important to optimize the thickness for the material at
the operating wavelength. It is also important to incorporate a
high-quality anti-reflection coating.
It is well known that a thick absorber results in a transittime penalty. Thus high quantum efficiency is achieved at the
cost of reduced bandwidth. The employment of uni-travelingcarrier (UTC) structures [10] is expected to compensate this
transit-time penalty. But most of the reported UTC photodiodes are primarily designed for high frequency response.
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Fig. 1.

Epitaxial-layer design of the high efficiency photodiode.

Typically, the quantum efficiency is relatively low due to the
thin absorber. In [11], quantum efficiency of 66% (responsivity
of 0.83 A/W at 1550 nm) was achieved by using a back-toback mesa structure. It was reported in [12] that modified
UTC photodiodes on silicon-on-insulator (SOI) waveguides
achieved quantum efficiency of 76% (responsivity of 0.95 A/W
at 1550 nm). These photodiodes were designed to operate at
1550 nm. However, for quantum optical systems, 1064 nm is
often the preferred wavelength because it is the wavelength of
Nd:YAG lasers, which are ultra-stable and low noise.
In this letter, we report high-quantum-efficiency
uni-traveling-carrier (UTC) photodiodes that achieve 98%
±0.8% detection efficiency at 1064 nm. For 50 µm-diameter
devices, the 3 dB bandwidth is 2 GHz, which is transittime limited. Since the dark current is also important for
applications in quantum optics, the current-voltage curves at
different temperature are investigated.
II. D EVICE D ESIGN AND FABRICATION
The epitaxial-layer structure of the photodiode is shown in
Fig. 1. The epitaxial-layers were grown on semi-insulating
InP substrate by metal organic chemical vapor deposition.
Silicon and zinc are used as n-type and p-type dopants,
respectively. The first layer grown is a 500 nm heavily
n-doped (1×1019 cm−3 ) contact layer. This is followed by a
100 nm (1×1018 cm−3 ) n-doped InP layer. The drift layer
is (2×1016 cm−3 ) n-doped with a thickness of 1500 nm,
which is designed to reduce the junction capacitance and
obtain larger RC-limited bandwidth. After the drift layer,
a 10 nm lightly doped InGaAsP quaternary layer is deposited

1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

ZANG et al.: HIGH QUANTUM EFFICIENCY UNI-TRAVELING-CARRIER PHOTODIODE

to assist electron transport and suppress carrier accumulation
in the heterojunction interface. To fully absorb the light, the
absorber is 3 µm-thick p-type In0.723Ga0.277 As0.6 P0.4 , which
is step-graded (1×1017 cm−3 , 8×1017 cm−3 , 6×1018 cm−3 ,
5×1019 cm−3 ) to create a quasi-field that aids carrier transport.
The absorber cannot be too thick; otherwise the quantum
efficiency will decrease due to •bandwidth. Given absorption
coefficient of 2×104 cm−1 [13], 99.75% of the incident
light will be absorbed by the 3 µm-thick absorber, which is
already enough for achieving high quantum efficiency. After
the absorber, there is a 15 nm-thick InGaAsP grading layer
to “smooth” the heterojunction discontinuity. Finally, the two
top layers are a 100 nm 1.5×1018 cm−3 p-doped InP electronblocking layer and a 50 nm heavily p-doped 2×1019 cm−3
InGaAs contact layer.
In photodiodes, both electron and hole currents exist, but
their balance can be adjusted by the layer arrangement. For
the traditional p-i-n structure, at high incident power, the
electrical field in the depletion region may collapse due
to the accumulated excess carrier densities (space charge).
This results in compression of the output power, which is
referred to as saturation. To increase the saturation power,
we optimized the layer design based on the uni-travellingcarrier structure, in which the un-depleted absorber is very
close to the cathode. The majority-carrier holes generated in
the absorber will be collected in the dielectric relaxation time.
Only electrons traverse the whole structure. Since the drift
velocity of electrons is higher than that of holes, the space
charge effect can be mitigated to enable higher output power.
In addition, the lower transit-time associated with the electron
velocity results in higher bandwidth.
The fabrication process begins with electron beam evaporation of the metal on the p-type InGaAs contact layer.
Then SiO2 is deposited in a plasma-enhanced chemical vapor
deposition (PECVD) system and used as the etching mask.
After photolithography and inductively coupled plasma (ICP)
etching, the p-mesa pattern on the optical mask is transferred
to the InGaAsP/InP layers. The dry etching is terminated in
the highly doped n-contact layer and the same method is used
for n-mesa etching. The SiO2 mask layer on the n-mesa is
removed by another photolithography process and wet etching
with buffered oxide etchant (BOE). This is followed by the
n-contact metal deposition. Finally, both ICP dry etching and
BOE wet etching are used to remove the SiO2 on the p-contact.
Since the metal on the p-mesa will block the incident light,
the photodiode is designed for back illumination. To reduce the
scattering and reflection at the semiconductor/air interface, the
backside of the device was polished and coated with an antireflection coating (Evaporated Coatings Inc.). As shown in
Fig. 2, the reflection spectrum is relatively narrow (< 1% from
1020 nm to 1125 nm) and centered at 1064 nm where the
reflectivity is 0.012%.
III. R ESULTS AND D ISCUSSION
Fig. 3(a) shows the experimental setup for quantum efficiency measurements. A tungsten-halogen lamp is used as
a broadband optical source, followed by a monochromator
to select specific wavelengths. A chopper is placed after the
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Fig. 2. Measured reflection versus wavelength after deposition of the antireflection coating.

Fig. 3. (a) Quantum efficiency measurement setup; (b) measured quantum
efficiency of a device with diameter of 250 µm. The bias voltage is −5 V.

monochromator to provide intensity modulation (200-300 Hz).
The light is collimated and then focused on the backside of the
devices. Finally, the photocurrent is measured by a Stanford
Research SR-850 lock-in amplifier.
Four diameters were fabricated (50 µm, 125 µm, 250 µm,
350 µm). Fig. 3(b) is the measured quantum efficiency of a
250 µm device at −5 V. Since device size will not influence
the quantum efficiency, all kinds of devices should have the
same efficiency. The quantum efficiency is > 90% in the
wavelength range 1000 nm to 1200 nm. At 1064 nm,
the measured quantum efficiency is 98% ±0.8%.
Approximately 0.5% of the incident light is absorbed
by the InP substrate, and 0.4% is reflected at the interface of
InP drift layer and InGaAsP grading layer. Recombination
in the absorber accounts for a loss of 1.1%. The band gap
energy of the absorber material, In0.723Ga0.277 As0.6 P0.4 , is
0.96 eV and the corresponding cutoff wavelength is 1290 nm.
Therefore, the quantum efficiency decreases quickly when
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Fig. 5. Current-voltage curves of a 50 µm device for temperature 80 K to
300 K in 20 K steps.

Fig. 4. (a) Calculated and measured bandwidth versus diameter at bias
voltage of −5 V; (b) dark current versus diameter at different bias voltage.

the wavelength increases from 1250 nm to 1350 nm. For
wavelengths less than 1064 nm, the quantum efficiency
decreases slowly due to the narrow-band anti-reflection
coating. When the wavelength changes from 1064 nm to
1020 nm, the reflection increases from 0.012% to ∼ 0.8%.
If a broader-band anti-reflection coating were used, the
quantum efficiency at shorter wavelength should be similar
to that at 1064 nm. When the optical power is below 6 mW,
the quantum efficiency is 98%. Above 6 mW average power,
the quantum efficiency begins to decrease. At 10.5 mW, the
quantum efficiency is 95%.
To measure the bandwidth, the devices were flip-chip
bonded onto an AlN submount [14]. Fig. 4(a) shows the
calculated and measured bandwidth for diameters in the range
50 µm to 350 µm at bias voltage of −5 V. Due to the
unavailability of a laser or modulator at 1064 nm, the bandwidth was measured at 1250 nm. The measured bandwidth
of the 50 µm device is 2 GHz. The ! symbols show the
calculated RC-limited bandwidth. The series resistance was
extracted from the current-voltage curves and the capacitance
was measured with an LCR meter. For the 50 µm devices,
the RC-limited bandwidth (16 GHz) is much higher than
the measured bandwidth, an indication of transit-time limited
response. The transit time is independent of diameter as
shown by the • symbols. The symbols, ", show the calculated
bandwidth, including both RC and transit time effects. It can
been seen that the calculated results agree well with the
measured results, #. For 250 µm and 350 µm devices, the

bandwidth is lower than the transit-time-limited bandwidth,
viz., RC-limited.
In our measurement, when the bias voltage is increased from
−5 V to −15 V, the measured bandwidth does not change very
much. Crosslight simulation shows that the depletion width is
essentially unchanged. The electric field increases with bias
but the junction capacitance is essentially constant. At −5 V,
the electrical field is high enough that the carriers travel at
the saturation velocity. It follows that the bandwidth will not
change appreciably regardless of whether it is RC or transittime limited.
In quantum optical systems, the dark current of the photodiodes is one of the primary concerns. It needs to be as
low as possible to reduce the noise. In addition, some of
the entangled photon signals will be extremely low power
(∼45 nA per pulse). As a result the dark current needs to
be low enough to accurately measure them. Fig. 4(b) shows
the dark current versus device diameter. Since the dark current
varies linearly with diameter, it can be concluded that surface
leakage dominates.
Fig. 5 shows the measured current-voltage curves of a
50 µm-diameter device in the temperature range 80 K to
300 K in steps of 20 K. At 300 K and lower bias voltage
(0 to −25 V), the dark current is in the range 10-100 nA,
and decreases with temperature. As expected the avalanche
breakdown voltage increases with temperature owing to the
fact that, when the temperature increases, the mean free path
of the carrier decreases due to increased phonon scattering.
Therefore, a higher electrical field is required to ensure that the
carriers have sufficient kinetic energy to initiate the avalanche
breakdown process.
The temperature dependence of the dark current versus
voltage can be used to identify the dominated physical mechanisms. There are two primary sources of the dark current,
generation-recombination and band-to-band tunneling. The
temperature dependence of generation-recombination is given
by the expression [15]:
Idark ∝ T 2 e

− kE aT
b

(1)

where Ea is activation energy and kb is the Boltzmann constant. A plot of -ln(Idark /T2 ) versus 1/kb T is linear if the
dark current is dominated by generation-recombination. On the
other hand the same plot will exhibit exponential decay if
the dark current is dominated by tunneling. Fig. 6(a) shows
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semiconductor/air interface. At bias voltage of −5 V, the 3 dB
bandwidth is 2 GHz and the dark current is 10 nA. The
dark current at low bias voltage is dominated by generationrecombination with 0.23 eV activation energy.
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