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Abstract: We report InGaAs/InP based p-i-n photodiodes with an external quantum efficiency
(EQE) above 98% from 1510 nm to 1575 nm. For surface normal photodiodes with a diameter
of 80 um, the measured 3-dB bandwidth is 3 GHz. The saturation current is 30.5 mA, with an
RF output power of 9.3 dBm at a bias of —17 V at 3 GHz.
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1. Introduction

High quantum efficiency and high-speed photodiodes play a vital role in quantum information
and quantum optical systems [1-6]. Photo-count statistics give a true measure of incoming
photon statistics, with a fidelity that increases as the efficiency of the detector increases [7]. Such
a task cannot be realized by detectors with an internal gain such as a single-photon avalanche
detector (SPAD) or a photomultiplier tube (PMT), since the multiplication process disrupts the
photon statistics of the signal [8,9].

The most straightforward method to increase quantum efficiency is to simply increase the
thickness of the absorber [10]. However, thick absorbers will increase the transit time of the
carriers, thus decreasing the speed of the detector. Therefore, as determined by the application, it
is important to design the structure to achieve the optimum efficiency/bandwidth tradeoff at the
operating wavelength. It is also important to incorporate a high-quality anti-reflection coating to
eliminate photon loss due to light reflection or scattering.

Extensive work has been devoted to improving the speed, linearity, and power handling
capability of photodetectors that operate in the telecommunication band, but the EQE of these
detectors is rarely the primary focus [11-16]. To reach 100% EQE at 1550 nm, the responsivity
of the detectors must be close to 1.26 A/W. Most reported InGaAs-based photodiodes have a
responsivity of less than 1.1 A/W [17-20], which is equivalent to 87.6% EQE. In this letter, we
report high quantum efficiency p-i-n photodiodes that achieve 98% detection efficiency at 1550
nm. For 80-um-diameter devices, the 3-dB bandwidth is 3 GHz, which is RC-limited.

2. Device design and fabrication

The near 100% EQE photodiodes that operate at 1550 nm are realized with a surface-normal
backside-illuminated photodiode design. Multiple photon loss mechanisms are addressed in this
design as shown in Fig. 1. First, the backside of the detector is polished and an anti-reflection
coating is applied to eliminate scattering and reflection loss at the air-detector interface. Second,
InP provides an ideal substrate as it is transparent at the designed wavelength. Third, 4 um of
unintentionally-doped Ing s3Ga p47As was chosen as the absorption layer. Given an absorption
coefficient of 0.619 um~! [21], a single pass through the 4-um-thick InGaAs layer will result in
91.6% absorption of the incident light, while a double pass assuming perfect reflection at the
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top metal contact results in 99.3% absorption of the incident light that enters the photodiode.
The absorption layer has to be thick enough to capture almost all of the photons, yet not so thick
that the carriers recombine before collection. Lastly, to ensure the highest reflection between
top metal contact layer and P-layer, silver is used beneath the gold contact surface to replace
the traditional adhesion metal, titanium, which increases the reflectivity of the InGaAsP-metal
interface from 28% to 93% at 1550 nm. The estimated EQE of the photodiode that use silver as
the adhesion layer is 98.7%, while the EQE will be only 93.8% if titanium is used as the adhesion

layer.
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Fig. 1. Structure of the 1550 nm high quantum efficiency photodetector.

The detailed epitaxial-layer structure of the photodiode is shown in Fig. 1. The epitaxial-layers
are grown on a semi-insulating InP substrate by metal organic chemical vapor deposition. Silicon
and zinc are used as n-type and p-type dopants, respectively. The 200-nm p-contact layer is
heavily p-doped (1x10'° cm™>) InGaAsP. This is followed by a 200-nm p-doped (2x10'8 cm™3)
InGaAsP layer and the unintentionally doped Ing s3Gag 47As absorber. A 30-nm-thick InGaAsP
grading layer is placed under the absorption layer to smooth the heterojunction discontinuity
with InP. This followed by 1 um of n-doped (1x10'® cm~3) InP as the n-contact layer.

The fabrication process begins with the deposition of the highly reflective p contact metal
layer. A metal stack of 20-nm Ag and 150-nm Au is deposited on the p-type InGaAsP contact
layer by electron beam evaporation. Inductively coupled plasma (ICP) dry etching is used to
form the mesa of the photodiode. The dry etching stops at the highly doped n-contact layer.
This is followed by the n-contact metal deposition. To reduce the scattering and reflection at the
semiconductor/air interface, the backside of the device is first polished and then coated with an
anti-reflection layer. The anti-reflection coating is deposited by Evaporated Coatings Inc. As
shown in Fig. 2, the reflectivity is less than 0.1% at 1550 nm.
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Fig. 2. Measured reflection versus wavelength after deposition of the anti-reflection coating.

3. Results and discussion
3.1.  Quantum efficiency

Figure 3 shows the experimental setup for the EQE measurements. A high-pressure laser-driven
lamp is used as a broadband white light source. A SPEX 1681 monochromator filters the incident
wavelength. The selected light is collimated and focused on the backside of the photodiodes.
A chopper is placed after the monochromator to provide intensity modulation (200-300 Hz).
Finally, the photocurrent is measured by a Stanford Research SR-850 lock-in amplifier. The EQE
is obtained by comparing the measured photo response of the device to that of a photodetector
with a calibrated responsivity.

Chopper Lock-in
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DI Microscope
Chopper  Objective
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Fig. 3. Quantum efficiency measurement setup.

Devices with diameters ranging from 80 um to 500 ym were fabricated. All devices show
nearly the same EQE. Figure 4(a) shows the measured EQE of a 150-um-diameter device. As
shown in the figure, three EQE measurements were separately conducted at - 5 V bias during
different stages of the fabrication process. The lowest one is recorded before the backside of the
device was polished. Approximately 50% of the light is either reflected or scattered. After the
substrate was polished, the EQE increased by 20% due to the elimination of scattering. Finally,
with an anti-reflection coating, the EQE increased to > 98% from 1510 nm to 1575 nm as shown
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in Fig. 4(b). At 1550 nm, the measured EQE is 98.3%. As explained in the calculation in section
2, the 1~2% loss is very likely coming from two parts: loss due to reflection loss at top metal
contact layer and P-layer interface, and loss due the limited thickness of the absorption layer.
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Fig. 4. (a) Measured EQE of a 150-um-diameter device before backside polishing, after
backside polishing, and after deposition of an anti-reflection coating. (b) Measured EQE of
a 150-um-diameter device from 1500 nm to 1600 nm.

The EQE quickly decreases beyond ~1650 nm as the optical cutoff of Ings53Gag47As is
approached.

Figure 5 shows the quantum efficiency (red curve) and capacitance (blue curve) of a 150-
um-diameter device versus reverse bias. The quantum efficiency reaches it maximum and the
saturates at — 2 V. This indicates that the device is fully depleted at this voltage, resulting in
efficient collection of photogenerated carriers.

3.2. Bandwidth

Figure 6 shows the bandwidth measurement setup. The light from a 1550 nm external cavity
laser is directly modulated by an optical modulator. The optical signal is then amplified by an
erbium doped fiber amplifier (EDFA) before being coupled into the device through a lensed fiber.
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Fig. 5. Measured EQE of a 150-um-diameter device at bias range from 0V to -5V reverse
bias in 0.5 V increments.

The bias voltage of the device is supplied by a source meter through a bias tee. The output RF
power of the device is measured by an RF power meter.
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Fig. 6. Bandwidth measurement setup.

As shown in Fig. 7(a), the frequency responses of the photodiodes decrease quickly as the
diameter of the devices increase from 80 um to 500 um. The measured 3-dB bandwidths are
3 GHz, 1.8 GHz, 1.2 GHz, 0.8 GHz, and 0.5 GHz for photodiodes with diameters of 80 um, 200
pm, 250 um, 350 um, and 500 pum, respectively. The strong bandwidth dependence on diameter
indicates that the 3-dB bandwidth is dominated by the RC time response. The bias dependence
of the bandwidth for a 150-um photodiode is shown in Fig. 7(b). The bandwidth increases from
1 GHz at -1V to almost 2 GHz at -5V bias.

Figure 8(a) shows the calculated transit-time-limited and RC-limited bandwidth components for
device diameters ranging from 80 um to 500 pum at a bias voltage of —5 V. The transit-time-limited
bandwidth is 5.5 GHz, while, as expected, the RC-limited bandwidth varies with the device area.
The RC-limited bandwidth was calculated using the measured series resistance and capacitance
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Fig. 7. (a) Frequency responses of the photodiodes with diameters ranging from 80 um to
500 um at a bias voltage of —5 V. (b) Frequency responses of the 150-um photodiodes with
biases ranging from —1 V to -7 V.

of the devices. Figure 8(b) shows the calculated and measured bandwidth for device diameters
ranging from 80 um to 500 pum at bias voltage of —5 V. The calculated bandwidths agree well
with the measured.

3.3. Saturation

The saturation current, or the 1-dB compression current, is defined as the time-average pho-
tocurrent at which the RF output power is 1 dB lower than the output power predicted by the
time-average photocurrent. It indicates the maximum photocurrent that can be sustained by
the device before it can no longer linearly transform the waveform of the optical signal. The
measurement setup is similar to the bandwidth setup, light from two lasers with wavelength near
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Fig. 8. (a) Calculated transit-time-limited bandwidth and RC-limited bandwidth of the
photodiodes. (b) Comparison of calculated and measured bandwidth versus diameter at a
bias voltage of -5 V.
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Fig. 9. RF output power of a 80-um device as a function of photocurrent at 3 GHz.

1550 nm were used to generate a frequency-swept beat signal with ~100% modulation depth,
and the RF output of the device is recorded with its corresponding photocurrent. As shown in
Fig. 9, an 80-um device shows a saturation current of 30.5 mA, with an RF output of 9.3 dBm
at a bias of —17V at 3 GHz. At low biases, the saturation of the photocurrent is caused by the
self-induced field as they are retractable after 1-dB compression. However, at bias higher than
17V, the devices are more easily to experience irreversible thermal breakdown when approaching
compression, with little enchantment in its maximum RF output power.

4. Conclusion

In this letter, we report p-i-n photodiodes with 98.3% EQE at 1550 nm. To achieve high EQE,
a 4-um-thick absorber and a double-pass architecture were utilized to fully absorb the light.
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Surface polishing and an anti-reflection coating effectively reduced the scattering and reflection
at the semiconductor/air interface. At a bias of —5 V, the 3-dB bandwidth was 3 GHz and the
saturation current was 30.5 mA with an RF output power of 9.3 dBm.
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