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InP-Based Waveguide-Integrated Photodiodes With
InGaAs/GaAsSb Type-II Quantum Wells and
10-GHz Bandwidth at 2 um Wavelength
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Abstract—Waveguide-integrated photodiodes with InGaAs/
GaAsSb type-II quantum well absorption regions designed to
absorb light at 2 um are presented. A novel dual-integrated
waveguide-depletion layer was used to maximize quantum effi-
ciency in photodiodes designed with thin absorbers for high-speed
optical response. Low dark currents (1 nA at —1 V) and an internal
responsivity of 0.84 A/W along with a bandwidth above 10 GHz and
an open eye diagram at 10 Gb/s have been demonstrated at 2 pm.
The high-speed carrier dynamics within InGaAs/GaAsSb type-I1
quantum wells are explored for the first time and suggest that the
transit time of the photodiode is limited by light hole escape times
in the quantum wells.

Index Terms—InP, MWIR, photodetectors, photodiodes, pho-
tonic integrated circuits (PICs), SWIR, waveguides.

1. INTRODUCTION

HE 2 um wavelength region has gained significant interest

for its potential application in next-generation optical com-
munications networks [1]. Most of the components required to
build components and photonic integrated circuits (PICs) oper-
ating at 2 um such as semiconductor lasers, optical amplifiers,
and arrayed waveguide gratings have already been developed
[2]. And, with the progress of hollow core photonic bandgap
fibers (HC-PBGF), WDM transmission at 2 xm with losses of
less than 0.2 dB/km have been demonstrated [3]. Furthermore,
it is well known that high-speed photodetectors with high opto-
electronic (O/E) conversion efficiency are essential components
for future optical communications systems. However, only few
semiconductor high-speed photodetectors and waveguide pho-
todiodes have been developed extensively for 2 pum to date

[41-[7].
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Photodetectors for 2 um are also useful for gas and chemical
sensing, LIDAR, and medical applications. The 2 um wave-
length region offers an “eye safe” platform for coherent LIDAR
systems employed by self-driving cars to sense obstacles and
avoid collisions [8]. Additionally, CO, gases in the atmosphere
can be sensed at 2 um, which is helpful in tracking global cli-
mate change [9]. Also, given that water absorbs at around 2 pm,
detectors can also be used to monitor blood glucose levels in
diabetics.

In the past, waveguide-integrated photodiodes (PDs) based on
multiple InGaAs/GaAsSb type-1I quantum wells (MQW) have
shown promise of high-speed detection at2 um [11]. These pho-
todiodes are grown lattice-matched on indium phosphide (InP),
a well established platform for PICs, that offers the advantage
of complex bandgap engineering of active devices. Through
optimization of the quantum well layers, and the addition of a
novel dual-integrated waveguide-depletion layer, significant im-
provements in dark current (1 nA at —1 V), internal responsivity
(0.84 A/W) and bandwidth (>10 GHz) at 2 um are demonstrated
in this paper. Experimental data on the static and high-frequency
O/E characteristics are studied and supported by device model-
ing and optical simulations.

1I. DEVICE DESIGN AND FABRICATION
A. Design and Simulation

Three different photodiode structures were grown by molecu-
lar beam epitaxy (MBE) on semi-insulating InP substrate and are
schematically shown in Fig. 1. Sample A is a p-i-n photodiode
with an integrated rib waveguide on which we have previously
reported [11]. Samples B and C are similar to a dual-depletion
layer photodiode, with a depleted absorption layer consisting
of MQWs and an optically transparent electron collection layer
to minimize capacitance while simultaneously reducing carrier
transit time [12], [13]. There are two important design changes in
samples B and C: optimized quantum well/barrier thicknesses,
and the addition of a novel dual-integrated waveguide-depletion
layer, which consists of an electron collection layer simultane-
ously used as a passive waveguide core.

A schematic diagram of the dual-integrated waveguide-
depletion layer is shown in Fig. 2. Light is fiber-coupled into
the passive waveguide section and then guided into the active
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Fig. 1. InP-based type-II quantum well photodiodes structures in this study.
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Fig.2.  Schematic cross-sectional view of the PD. The light is coupled from the
left into the passive waveguide, which couples light into the MQW absorption
layer of the photodiode.

Sample B

Sample C

photodiode region, where it penetrates into the higher refrac-
tive index absorption layer. The light is absorbed, generating
electron-hole pairs, with the electrons then being swept through
the collection layer. The n-contact layer is made of a lower index
material than the waveguide core layer in order to confine the
optical mode within the waveguide core. The InGaAs waveguide
core was designed to achieve a balance between the optical con-
finement factor within the waveguide and coupling loss from
an optical fiber. The simulated confinement factor was 0.87 and
the coupling loss from a lensed fiber was estimated to be about
7 dB. Since only a small portion of the mode propagates in
the n-contact layer, free carrier absorption associated losses in
the waveguide are negligible. This is in contrast to designs where
a significant portion of the waveguide mode must propagate
through the highly-doped contact region and potentially suffer
from free-carrier absorption loss [5], [7].

Sample B includes 35 pairs of quantum wells with 5 nm thick
InGaAs well layers and 3 nm thick GaAsSb barrier layers, and
Sample C includes 50 pairs of quantum wells with 3 nm thick
InGaAs well layers and 3 nm thick GaAsSb barrier layers. Sam-
ples B and C were designed with thinner quantum well and
barrier layers than Sample A in order to increase the absorp-
tion efficient at 2 um by enhancing the wave function overlap
of electrons and holes, and, minimize the carrier escape time
within the wells [14]. The band structure of the quantum wells
and electron and hole wave functions were calculated using
nextnano, a commercial device simulation software, and those
within sample B are plotted in Fig. 3. One electron energy level
exists in each InGaAs well, two heavy holes states and one light
hole state exist in each GaAsSb hole well. In sample C, the
InGaAs well is thinner than in Sample B leading to a shorter
cut-off wavelength, as can be seen in the absorption coefficients
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Fig. 3. Band structure and wave functions of Sample B. Green, red, and
light blue curves represent electron wave functions of each well. Purple curve
represents heavy hole wave functions. Orange and dark blue curves represent
light hole wave functions in the ground state. Brown and green curves represent
light hole wave functions in the second energy level.
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Fig. 4. Calculated absorption coefficients of samples A, B, and C.

shown in Fig. 4, which were calculated using the eight-band k-p
method.

B. Device Fabrication

The device fabrication began with definition of different size
active mesas using a MJB4 aligner. Ti/Pt/Au was deposited on
top of the p-contact layer to provide an ohmic contact, followed
by SiO, for surface passivation. Next, the mesas, along with
4 pm-wide, 1 pm-thick input rib waveguides, were etched with
an Oxford Instruments Plasmalab-100 chlorine based ICP dry
etching machine down to the semi-insulating substrate. Then,
Au/AuGe/Pt/Ni was deposited on the n-mesa to provide an
ohmic contact, followed by SU-8 as an insulation layer for
coplanar waveguide (CPW) probe pads. A seed layer of Ti/Au
was deposited and then electroplated to connect the CPW to the
metal contacts.
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Fig. 5. Fabricated photodiode being measured with a microwave ground-
signal-ground (GSG) probe and optically illuminated by a 2 pum laser through
a lensed fiber.
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Fig. 6. Measured dark currents of 10 um x 50 pum PDs fabricated from
samples A, B, and C versus reverse bias.

III. RESULTS AND DISCUSSION
A. DC Measurements and Analysis

All the measurements were made at room temperature using
on-wafer probing techniques as shown in Fig. 5. The measured
photodiodes had dark currents ranging between 1 nA to 100 nA
under —1 V bias. The dark current of photodiodes made from
sample A is bulk-dominated and can be attributed to deep-level
defects within the device [11]. Circular mesa photodiodes were
also fabricated from Samples B and C, and the dark current of
these devices were measured to be linearly dependent on the
diameter of the mesa, suggesting that they are dominated by
surface leakage. The dark currents of 10 um x 50 pum devices
fabricated from the three samples are shown in Fig. 6. Samples
B and C show significant improvement in dark current due to
their thinner MQW absorption regions and improved crystal
quality.

The responsivity was measured for different sized devices on
the three samples. A tapered fiber was used to butt-couple the
input signal with 1.7-dBm optical power and a 2.5-pum diame-
ter spot-size at 2-pum wavelength. The simulated and measured
internal maximum responsivity of devices fabricated from all
samples are plotted in Fig. 7. For a 20 um x 200 um de-
vice, the maximum internal responsivity observed at 2 um was
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Fig. 7. Internal responsivity versus PD length. Solid curves represent simu-
lated data and markers represent measured data at 5 V.

0.50 T T : .
0.45 - —m—Sample A |
= Sample B
0.40 = — Sample C T
0.35 '/"‘"‘"'/'\ ]
3 N / ]

0.30
0254 o =
0.20 B

/I

0.15 .
0.10 . A
0.05

0.00 T T T T
-3 -2 -1 0

Bias Voltage (V)

Internal Responsivity (A/W)

Fig. 8. Internal responsivity of 10 um x 50 pm PDs fabricated from samples
A, B, and C versus reverse bias.

0.6 A/W for sample A, 0.81 A/W for sample B, and 0.84 A/W
for sample C. The absorption coefficients from Fig. 4 were used
in the optical simulations, which were done in RSoft, a com-
mercial beam propagation software. In order to calculate the
internal quantum efficiency, we factored in the following loss
mechanisms: fiber-chip coupling loss and reflection loss at the
waveguide facet, as well as, free-carrier absorption in the wave-
guide, and carrier collection efficiency within the PD. Losses
due to coupling and reflection were calculated to be 3.5 dB for
sample A and 7 dB for samples B and C. Reflection losses can
be mitigated by adding anti-reflection coating at the edge of the
waveguide. The larger fiber coupling loss in devices made from
samples B and C are due to a thin input waveguide thickness
and can be improved with the integration of a spot-size con-
verter [10]. The carrier collection efficiency of the PDs, which
is limited by carriers that are trapped in the wells and recombine
before reaching the contacts, is calculated to be 45% for Sample
A and 55% for Samples B and C [11].

The measured responsivity increases with increasing photo-
diode length, as predicted in our optical simulations. Optical
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Fig. 9. Illustration of the carrier escape mechanisms in quantum wells.

mode beating occurs within the PDs and was optimized in the
design of the PDs of samples B and C. In PDs made from sam-
ple A, the optical mode must couple through the n-contact layer
before reaching the MQW absorption region. In contrast, when
using the dual-integrated waveguide-depletion layer design, the
optical mode is confined in the waveguide-depletion layer, and
then coupled into the directly adjacent MQW absorption region
within a shorter distance, enabling smaller devices and lower
capacitances at a given responsivity. This can be seen in the
rapid increase in internal responsivity of PDs made from sam-
ples B and C within the first 20 «m of the PD length, as shown
in Fig. 7. Even though the PDs fabricated from samples B and
C have thinner absorption layers, they achieve a higher internal
responsivity than the PDs made from sample A due to the imple-
mentation of the dual-integrated waveguide-depletion layer and
the increase in absorption coefficient. Furthermore, PDs made
from sample C absorb more light at 2 ;«m than those made from
sample B because they have a higher absorption coefficient and
more quantum wells in the MQW absorption layer [14].

Fig. 8 shows the internal responsivity of 10 um x 50 pum
PDs fabricated from samples A, B, and C versus reverse bias.
The responsivity increases with applied bias voltage because the
depletion region widens and absorbs more light. Also, a larger
applied electric field increases the electron and hole wavefunc-
tion overlap between the wells, which causes an increase of
type-II absorption within the device [11].

B. High-Frequency Characteristics

In photodiodes with InGaAs/GaAsSb type-II quantum well
absorption regions, the transit time is typically limited by the
time it takes for photogenerated carriers to be swept out of the
MQWs under the influence of an applied electric field, as illus-
trated in Fig. 9. Generally, there are two main physical mecha-
nisms in which carriers escape from quantum wells: thermionic
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emission and phonon-assisted tunneling [17]. Thermionic emis-
sion is the escape of carriers with a carrier thermal energy higher
than the effective barrier height. The rate of thermionic emission
of carriers is given by [19]

2mm; L2\ AE,(F) 0
Tihermi = | ———— | exp|———
therm. ksT Pl ,T

where m; stands for effective mass in the wells, L,, rep-
resents the well thickness, T is the temperature, kg is the
Boltzmann constant, the subscript i can be e for electron,
hh for heavy hole or /h for light hole, because the effec-
tive mass for electrons, heavy holes and light hole can dif-
fer [18]. AE,(F) is the effective barrier height and can be
expressed as
qFLy

_ EIWel] _ 5 (2)

and where F is the electric field, ¢ is electron charge, and
EBarrier _ plVell s the bulk band discontinuity between the
well and barrier for electrons or holes. Tunneling is the escape
of carriers through coherent, quantum mechanical tunneling of
finite barriers and can be expressed as [17],

om; L2\ 2Ly/Zmy; AE,(F)
Trunneli = \ ——F exp (3)

AE[,(F) — Erlfarrier

wh h

where L; represents barrier thickness, my; stands for effec-
tive mass in barriers. This includes the tunneling of carriers out
of a well into a neighboring well, and tunneling out of a well
into continuum. Some carriers directly tunnel from quantum
well to quantum well, with the assistance of a phonon, and can
be trapped in the wells lower energy state before recombining
through a localized defect, effectively reducing the collection
efficiency of the device. However, we will only be consider-
ing tunneling of carriers into continuum as contributors to the
photocurrent [15].

The total carrier transit time within the photodiode can be
expressed as [18]

! L\ nLw+Ly)+L
Ttransit,i = N ( + ) + ( w b) D
Ttherm,i Ttunnel,i v;
“)

where n is the number of wells, Lp is the distance that an
electron travels through the collection layer (L p = 0 for holes),
and v; the carrier drift velocity in MQW layers. Short transit
times can be achieved by reducing the effective barrier height
and thickness of the wells, as well as, the number of quantum
wells in the absorber layer.

In our case, we assume that only ground well state of elec-
trons and holes are populated by photogenerated carriers be-
cause we measure the photodiodes with small optical power
illumination at the wavelength used for measurement. We as-
sume that electron-hole pairs are uniformly generated in the
absorption region and that once carriers escape from a quan-
tum well they then travel through continuum until reaching the
electrode and contributing to the external photocurrent [15]. Due
to their large effective mass, heavy holes are extremely slow
and take a long time to escape from the quantum wells and,
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therefore, are not considered to contribute to the photocurrent
at high-frequencies. More specifically, the transit time of heavy
holes is around 10 us, which is comparable to the recombination
time, so many of these carriers will recombine before they transit
through the quantum wells to the electrodes and not contribute
to the photocurrent, also reducing the collection efficiency of the
device [18].

Electrons and light holes escape the wells at different rates
due to their distinctive effective masses and bound energy levels
within the wells. Electrons tunnel faster than light holes due to
their smaller effective mass, however, light holes escape through
thermionic emission at a faster rate because the effective energy
barrier height of light holes is smaller than for electrons. The
frequency response associated with the transit time of electrons
or holes can be expressed as [16]

Sin (el

wfnumn i

Fi(w) = &)

wl’namn i ) ‘

where w is the angular frequency. The total transit time lim-
ited frequency response is determined by the combination of
contributions of electrons and light holes.

The total frequency response of a p-i-n photodiode is deter-
mined by the product of the RC time constant and the total
carrier transit time, and is expressed as [18]

1 1
1+ J 31.r§m.rll 1+ Ja)(RS + RL)C]

where R; is the series resistance, R; is the load resistance, and
C; is the junction capacitance of the photodiode. For a 10 um x
50 umPD, R, is 33 Q and C; is 0.1 pF, meaning the RC-limited
3-dB bandwidth is around 19 GHz.

To measure the bandwidth of the PDs, we used a 2 um wave-
length E-O Space intensity modulator to modulate a CW optical
signal and an Agilent PSA Series E4440A electrical spectrum
analyzer to measure the output RF power of the PDs. The mea-
surements revealed a 3-dB bandwidth of 4.5 GHz for a 10 um
x 50 um PD made from Sample B and a maximum 3-dB band-
width above 10 GHz for a 10 um x 50 wm PD made from Sam-
ple C at -3 V bias with 1.1 mW optical input power (Fig. 10).
PDs from sample B are transit-time limited, as they are well
below the RC-limited bandwidth. However, at this specific bias,
PDs from sample C are RC-limited as the transit time limited
bandwidth is calculated to be 37 GHz, which is nearly double
the RC-limited bandwidth. Furthermore, the maximum 3-dB
bandwidth of PDs made on Sample C can be made higher in the
future by designing and fabricating smaller active area devices.

We also consider the dependence of an applied electric field
across the MQW region [15]. These effects can be observed
in the bandwidth measurements taken of a 10 um x 50 um
PD made from Sample A shown in Fig. 11. At —7V, the band-
width decreased from a maximum of 3.5 GHz (at —1 V) to
2.2 GHz. The bandwidth of these devices vary with applied
bias, as the escape time of photogenerated electrons and holes
in the wells vary. As can be seen in Fig. 12, light holes tran-
sit through the depletion region slower than electrons and limit
the carrier transit time at high-frequencies. Therefore, two fre-
quency roll-offs exist, one at low-frequency for light holes, and
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TABLE I
PARAMETERS USED FOR FIGURE 12 (TAKEN FROM NEXTNANO)

Material Me myp Ly Ly AEy(F)
InGaAs 0.041m, 0.066m, 7nm 5 nm 0.25 eV
GaAsSb 0.0447m, 0.052m, S5 nm 7 nm 0.18 eV

another one at high-frequency for electrons. The bandwidth in
these PDs are lower than the PDs made from Samples B and
C because the bound electron and hole energy levels are lower
and the effective barrier heights are larger, leading to longer
carrier escape times. At low biases, carrier escape is domi-
nated by thermionic emission of carriers above the barriers [11].
Tunneling processes are suppressed due to the heavy effective
masses of the electrons and holes. At high biases, carriers escape
through the combination of thermionic emission and tunneling
[20]. With a high applied electric field, the ground state energy
levels of electrons and holes are lowered towards the bottom
triangular section of the well [21]. We see a corresponding de-
crease in bandwidth with an increase in bias associated with the
ground electron and hole energy levels lowering, resulting in
longer carrier escape times. At a high enough applied electric
field, the energy level will begin to rise again, and the carrier
escape time will decrease, increasing the total bandwidth of
the PD.

Fig. 13 shows electrical eye diagrams of a 10 um x 50 um
PD made from sample C biased at -8 V and operating at 1, 5,
and 10 Gbit/s. The bit pattern was generated by an Advantest
D3186 Pulse Pattern Generator and connected to a RF signal
generator and a 2 um E-O space modulator with 10 GHz band-
width, which modulates the incoming 3.5-dBm optical signal
coming from a Thorlabs 2 um Fabry-Perot laser diode that,
subsequently, generates an optical eye bit pattern that is coupled
into the photodiode. After probing the photodiode with a GGB
high-speed GSG probe, the output of the PD was amplified by
a RF amplifier (Gain = 30 dB, Saturation power = 20 dBm,
Bandwidth = 40 GHz, Noise Figure = 6 dB) before electrical
eye diagrams were measured using an Agilent Infiniium DCA-
J 86100C sampling oscilloscope. Significant improvement of
the eye opening at 10 Gb/s can be made by calibrating out
the losses coming from the RF cables and the optical modula-
tor, and by switching to a low noise amplifier (LNA). Further-
more, with implementation of advanced forward error correction
(FEC) coding techniques, we expect that these devices can be
used practically at 10 Gbit/s in a 2 um optical communications
system.

IV. CONCLUSION

In this paper, waveguide-integrated photodiodes (PDs) based
on multiple InGaAs/GaAsSb type-II quantum wells (MQW)
have shown capability of efficient high-speed detection at
2 pum. Through the modification of the quantum well and bar-
rier thicknesses, and the addition of a novel dual-integrated
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Fig. 13.
C biased at —8 V.

waveguide-depletion layer, we have designed and fabricated
photodiodes with a dark current as low as 1 nA at —1 V, a max-
imum internal responsivity of 0.84 A/W and a 3-dB bandwidth
greater than 10 GHz at 2 um. Open eye diagrams at 2 ym have
also been measured at 1, 5, and 10 Gbit/s. The high-speed carrier
dynamics of these photodiodes have been studied and explored
for the first time, and reveal the high-frequency limits in the
transit time associated frequency response being attributed to
the carrier escape times of light holes in the quantum wells.
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