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Abstract: We demonstrate the optical heterodyne diagnostics and high
saturation power characteristics of a novel undoped InP sandwiched
Ing53Gay 47AS p-i-n photodiode with a partially p-doped photoabsorption
layer, which is grown on a linearly graded metamorphic In,GayP
buffered GaAs substrate layer and exhibits an excellent low dark current
density of 3.6x107 A/cm? Such a top-illuminated optical receiver
exhibits an illuminating window of 60-um diameter, which performs
ultra-linear power handling capability up to 18 dBm at 1550 nm,
providing a maximum photocurrent of 35 mA under a reverse bias of 9
volts. These result in extremely high current bandwidth and bandwidth-
responsivity products of 350 mA+*GHz and 4.8 GHzeA/W, respectively,
at receiving frequency of up to 10 GHz.
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1. Introduction

InP-based high-speed optoelectronic devices [1-3] and integrated circuits (OEICs) [4-5] have
been comprehensively investigated in long-wavelength (from 1.1 to 1.65 um) fiber-optic
communication networks. Recently, different metamorphic (MM) epitaxial layers such as
InGaAs [6], INAIAS [7], InAs [8], INnGaAlAs [9], and InGaP [10] etc. have emerged as the
buffer layers for growing InGaAs-based optoel ectronic devices on GaAs substrates with lower
process cost. Compositionally graded metamorphic buffer layers are extensively utilized to
accommodate large lattice mismatch between a semiconductor substrate and epitaxial layers,
which overcomes the limitation of band-gap engineering imposed by the substrate lattice
parameters. Technicaly, the metamorphic epitaxy facilitates some advantages of improved
mechanical strength, ready availability of larger diameter substrates than InP, easier material
handling, process robustness, and the compatibility with the existing manufacturing
infrastructure.  In general, photodiodes made of narrow-band gap materials are operated
under zero bias because of their high leakage current and low breakdown voltage. Infrared
diodes are selected according to the resistance and area (RoA) product. However, the ROA
product is degraded by increase in current leakage. Thus, there is interest in investigating
low-leakage photodetectors with high modulation frequency. Recently, most advancementsin
high-data-rate optical communications system have focused on increasing the bandwidth and
output voltage of photodetectors (PDs) in order to eliminate the need for postdetection
amplification and instead directly drive the decision making circuitry. In digital fiber-optic
systems, the PDs with high sensitivities are usually placed after an erbium-doped-fiber-
amplifier or semiconductor optical amplifier. The new approach becomes attractive when
high-saturation-current photodiodes are available, so that the output from the photodiode can
directly drive adecision circuit. High optical wide-band-width PDs designed to achieve these
output power continue to be elusive.

Severa high-power and surface-illuminated InP-InGaAs PDs have been demonstrated
with small-signal photocurrent of 30 mA a 20 GHz and 48 mA at 10 GHz [11]. Inthis paper,
we report for the fabrication of top-illuminated metamorphic p-i-n photodiodes (MM-PINPD)
with partially p-doped photoabsorption layer [3, 12] on GaAs substrates using linearly graded
In,Gay«P buffer layer. We incorporated the partially p-doped photoabsorption layer and
metamorphic structure to get a good balance of its electronic bandwidth, the capability of
radio-frequency (RF) power generation, and cost-effective consideration. The MM-PINPD
has the graded partially p-doped photoabsorption layer to accelerate the drift velocity of the
photo-excited electrons, since the bandwidth of our previous structure [10] was not transit-
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time limited. In this letter, we had modified the sructure with partially p-doped
photoabsorption layer. Compared to our previous work, the new structure demonstrated
nearly the higher saturation current and higher bandwidth of 8 GHz without sacrificing the
responsivity. The demonstrated metamorphic epitaxy is particularly suitable for mass-
production of such devices on GaAs substrates. Ultralow leakage current, high operating
bandwidth and high saturation current product performances have been achieved
simultaneously. By using such a metamorphic buffer and partial p-doping, an InGaAs PINPD
with a very low dark current density, high operating bandwidth, and high saturation current
product was reported. These results interpret the capability of such adevice for application in
a 10Ghit/s SONET/SDH networks or a 5-GHz radio-over-fiber systems.

2. Experimental setup

Prior to the growth of InGaAs MM-PINPD structure, a 1.5um-thick linearly graded
metamorphic In,Gay«P buffer layer with x gradually changing from 0.49 to 1 was deposited
on a 3-in (100)-oriented semi-insulating (SI) GaAs by using gas source molecular beam
epitaxy (GSMBE) at substrate temperature of 500°C. An InGaAs MM-PINPD was
subsequently grown at 600°C, which consists of 1um-thick n+-InP, 0.5 um-thick undoped InP,
2.5 um-thick undoped I1nys3Gag 47AS, and 1 um-thick graded doping p-InP (after Zn diffusion)
layers as shown in Fig. 1. After epitaxy, the coplanar guard-ring typed ground-signal-ground
contact electrodes with circular window diameter of 60 um, two n-type ground contact pads
and one central p-type contact pad are fabricated by evaporating 800 nm-thick Ni/Au and
Ti/Au metals, respectively. This design facilitates the diagnostics of the InGaAs MM-PINPD
by a lightwave probe station with a 65-GHz coplanar-waveguide typed millimeter-wave probe
(Picoprobe 65A-GSG-70-P) as shown in the Fig. 2. The composition, structural quality and
the degree of dtrain relaxation were subsequently evaluated by high-resolution x-ray
diffraction and the cross-section transmission electron microscopy (TEM), which shows a
defect density as low as 6x10° cm@ in the linearly-graded In,Gay..P metamorphic buffer layer.

F-Type contact

Si:N, AR Layer
Zn diffusion 1pm
undoped Inf 1pm

N-Type contact undoped InGaAs 1pm N-Type contact

undoped Int 0 jm
n' InF 1pm
In,Ge P buffered Layer 1 fpm

S1 GaAs substrate

Fig. 1. Configuration of the InGaAs MM-PINPD on Fig. 2. Top-view photograph of the InGaAs
semi-insulating GaAs substrate. MM-PINPD

The bandwidth and saturation current were measured with a heterodyne beating [13, 14]
setup as shown in Fig. 3. The heterodyne beating photocurrent of a MM-PINPD is given by

ic(t)zgﬂ{|l+|2+zcosg.|:(%) |1|ZCOS(th)}' where 1; and I, are the received optical
\
intensities of two tunable lasers with a frequency difference wy, 0 is the angle between the

polarization directions of lasers, e is the electron charge, 1 is quantum efficiency, hv is the
photon energy, and F(wy,) is the frequency response of the MM-PINPD. The spectral power

2 . . . .
of p(%)zz(ﬁ\?/j IllzRLcosze-Fz(a)b)arctan(zAﬂjj is obtained, where R_ is the input
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impedance of the spectrum analyzer, B is the resolution bandwidth of the spectrum analyzer,
and Aw isthe linewidth (FWHM) of the beating signal .
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Fig. 3. Setup of the heterodyne beating measurement for the coplanar guard-ring typed InGaAs PINPD. PC:
polarization controller, Opt. Att.: optical attenuator, TLS: tunable laser source, OSA: optical spectrum
analyzer.

3. Results and discussion

The structure of InGaAs MM-PINPD is similar as previous reports except the whole structure
was grown on semi-insulating substrate [15]. The metamorphic buffer absorbs the strain of
lattice mismatch and prevents the vertical propagation of dislocations, thereby maintaining the
quality of the device active layers. The dark current of the MM-PINPD on GaAs substrate is
an effective measurement of the quality of the metamorphic buffer layer. The dark currents of
photodiodes were highly dependent upon the metamorphic buffer layer. The continuously
graded buffer layer provides lower dark currents, with a buffer structure in which indium and
gallium concentrations are ramped inversely. A thick InGaP buffer layer can generate a high
density of defects that results in high dark currents because of the unfiltered lattice-mismatch
strain and the difference in thermal expansion coefficients between InGaP and the GaAs
substrate.  Therefore, the magnitude of dark currents could reflect the quality of InGaP
metamorphic layer. The |-V responses under 1550-nm CW light: (a) 0 dBm, (b) -20 dBm, ()
-40 dBm, (d) -60 dBm, (€) -80 dBm, (f) dark current of the negatively biased MM-PINPD
with 60-um diameter is plotted in Fig. 4. Even with the metamorphic layer, an extremely low
dark current of 13 pA is obtained at a bias voltage of -5 V, as shown in Fig. 5. Such aleakage
current density is almost three orders of magnitude lower than the previously reported InGaAs
MM-PINPD made on GaAs with a different metamorphic buffer layer, which reveals the
improvement in lattice grading property between InGaAs layer and GaAs substrate with the
adding of metamorphic InGaP buffer.
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Fig. 4. Photocurrent of MM-PINPD at (a) O dBm, Fig. 5. Dark current versus biased voltage from 0.1

(b) -20 dBm, (c) -40 dBm, (d) -60 dBm, and (e) -80 V to-18 V for MM-PINPD
dBm

In previous works, versatile compositionally graded metamorphic buffer layers are
extensively utilized to confine threading dislocations and defects in the metamorphic InGaP
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buffer without propagating vertically into the device layer. The InP layer can be very smooth
since there is no compositional control problem in the InGaP/InP system. Furthermore, since
the bandgap of InGaP is larger than that of InP, a fully transparent buffer layer can be
achieved. The TEM analysis and the ultra-low dark current of the MM-PINPD also reveals
the device layers upon the metamorphic buffer which are nearly dislocation-free (with density
of 1x10° cm?. The InP-InGaAs-InP layer with sandwiched structure leads to broad
equivalent width of InGaAs, and this structure is suitable for high-voltage and high electric-
field operation. Carriers are trapped at the sandwiched structure which results in ultralow
dark current due to the higher band gap of InP than that of InGaAs. Figure 6 shows a energy-
band diagram of the MM-PINPD at a reverse bias 5 V. Such a excellent low dark current
density of 3.6x107 A/cm? not only reveals the better lattice-matching property between the
InGaP buffer and the GaAs substrate, but also gives to a minimum detectable power of below
100 pW. These results again reflect that reducing the leakage current is a decisive way to
improve the sensitivity of the MM-PINPD owing to the significant suppression on noise
equivalent power of the receiver module. The shot and thermal noises of the MM-PINPD
without a matching circuit are calculated as 6.9x10™ A and 1.1x10™2 A, respectively.
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For areverse biased MM-PINPD, it is important to minimize the leakage and obtain high
frequency response concurrently. The transit time of carriers can be shortened by reducing
the thickness of the absorption layer, reducing the device leakage current and obtaining a
high-speed response. However, reducing the absorption layer thickness of the absorption
usually lead to alower quantum efficiency. The photocurrent of the MM-PINPD measured at
areverse bias of 5V is 0.6 mA, under an illuminating power of 0 dBm, corresponding to an
optical responsivity of 0.6 A/W which indicates that the p-doped photoabsorption layer of our
structure does not sacrifice the performance of our quantum efficiency. In order to further
study the speed and power performances of the MM-PINPD, the frequency response of a 60-
um-diameter PD was measured under different biases, as shown in Fig. 7. Theinset of Fig. 7
shows that the 3-dB frequency response is increased as the photocurrent enlarges from 0.2 to
30 mA, in which a saturating effect on the bandwidth enhancement can be seen a
photocurrent >2 mA. One can clearly see that under bias from -1 to -5 V, the MM-PINPD
exhibits a 3-dB bandwidth of 8.3 GHz under a 30-mA output condition. In principle, the
bandwidth enhancement is due to a reduction in the transit time across the doped absorbing
layers, which arises from the increase of minority carrier based drift current and the presence
of high photocurrent in the active layer. The frequency response was also verified by using
impulse response. The mode-locked semiconductor optical amplifier (SOA) fiber laser [16]
with a full width at half maximum (FWHM) of 1.2 ps was served as an input source. The
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impulse response of the MM-PINPD reveals a FWHM of 40 ps, which indicates the
bandwidth of 8 GHz from the fast Fourier transform. The bandwidth-responsivity product of
4.8 GHz*A/W of proposed MM-PINPD was measured. In comparison, a 32-um diameter
commercial PINPD (Emcore, InGaA/InP PINPD, model 8413-1155) obtains the dark current
density of 6.2x10° A/cm? at a bias of -3.5 V and our proposed MM-PINPD exhibits better
performance of dark current density than this commercial InGaA/InP PINPD. Besides, Jang
et al. have previously demonstrated a MM-PINPD with a p*-InGaAs/InGaAs/n*-InAIAS p-i-n
structure on a linearly graded InAlGaAs buffer layer [9], in which the In.,,GaAl,As layer
serves as a lattice-constant transformer between the GaAs substrate and the 1ng53Gag47AS
layers with a low dark current density of 3.4x10* A/cm? at bias of -5 V and an optical
responsivity of 0.6 A/W at 1.55 um was reported. The used photo-absorption-layer thickness
of the reported device is 3.6 times larger than that of device in Ref. [9] (2.5 um vs. 0.7 um).
For fair comparison, the dark current and dark current density under -18 V bias, which in
order to meet the same electric filed in the InGaAs layer, was measured as 15.5 pA and
4.3x107 Alem® Such a leakage current density is almost three orders of magnitude lower
than the compared one. Although the compared metamorphic PD can have 0.6 A/W
responsivity with an electrical bandwidth of 38 GHz, such small 10 um diameter of PD shows
RC time limited bandwidth but sacrifice the stability of coupling.
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Fig. 8. RF power versus photocurrent under the Fig. 9. The dc saturation characteristic of the MM-
reversed bias of 1, 3, 5V at a operating frequency PINPD.
of 10 GHz.

The RF power of the MM-PINPD under different bias voltages at operating frequency of
10 GHz and the saturation characteristic was illustrated in Fig. 8. A 60-um-diameter top-
illuminated photodiode is shown to exhibit optical responsivities of 0.77 A/W and 0.6 A/W at
1310 nm and 1550 nm, respectively, achieving a saturated photocurrent of 35 mA at the
bandwidth of 10GHz. The current-bandwidth product of our MMPIN-PD was measured as
350 mA+*GHz. Theideal relation between the RF power of 100% modulated large signal and
the average current on a 50-ohm load is also plotted as a straight line for reference. The
demonstrated maximum values of the generated RF power and the averaged photocurrent of
the device were limited by the device failure under high current operation. The maximum
RF power of 1 dBm and photocurrent of 35 mA can be respectively obtained, and the values
were higher than those reported in previous work on top-illuminated p-i-n photodetectors with
such low leakage current. For the case of high-speed PDs, there is a significant trade-off
between saturation current and electrical bandwidth. Previously, Li et al. have demonstrated a
partially depleted absorber photodiode with a saturation current bandwidth product of 990
mA*GHz and a responsivity of 0.67 A/W [3]. Under backside illumination at 1.55-um
wavelength, an 8-um-diameter photodiode exhibited an increase in bandwidth with increasing
photocurrent. These measurement results indicate that the technique of partially p-doped
photoabsorption layer enhance the speed and output power performance of photocurrent
significantly without sacrificing the device performance. The p-doped region can shorten the
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depletion width of the photoabsorption layer, reduce the space charge field of photo-excited
carriers, and increase the output saturation current effectively. The photo generation of holes
in the intrinsic layer of the MM-PINPD can result in larger space charge effects than those in
the structure. However, this effect is not as severe if the drift layer isthin. The total induced
potential gradient is higher than efficient potential gradient, which results from the graded
doping. Since potential gradients induced by doping and input power are independent of each
other. The average electric field is higher than the small photocurrent case. Therefore, the
transit time of electrons in the p-doped region is decreased and the bandwidth is enhanced.
The layers of InP-InGaAs-InP with sandwiched structure leads to broaden equivalent energy
gap of InGaAs, which can be obtained in high electrical field. For these reasons, the MM-
PINPD can be operated under low bias voltage to reduce the total power consumption, while
still suppressing saturation.  Furthermore, as compared to less thickness of intrinsic InGaAs
photoabsorption layer, this techniqgue on our MM-PINPD does not increase the device
absorption length or sacrifice the repsonsivity. The obtained high electrical bandwidth under
high photocurrent operation (around 10 GHz at 35 mA) of demonstrated device with a 60-um-
diameter and GaAs substrate ensure its applications to 10 Ghit/s analog and digital fiber
communication systems.

5. Conclusion

The optical heterodyne diagnosis of a low-dark-current and high saturation power undoped
InP sandwiched 1nys3Gag47AS p-i-n photodiode with the partially p-doped photoabsorption
layer on GaAs with linearly graded metamorphic InGay4P buffer layer has been
demonstrated. The low dark current of the photodectector demonstrated the high quality of
the sandwiched InP-InGaAs-InP structure and proved the effectiveness of the metamorphic
buffer layer. Such a state-of-the-art low dark current density of 3.6x107 A/cm? not only
reveals the better lattice-matching property between the InGaP buffer and the GaAs substrate,
but also gives to a minimum detectable power of below 100 pW. The optical responsivities
of 0.77 A/W and 0.6 A/W, and the NEP of 2.7x10™ W/Hz"* and 3.4x10™ W/Hz"?, have
been determined at 1310 nm and 1550 nm, respectively. Such a top-illuminated optical
receiver exhibits an illuminating window of 60-um diameter, which performs ultra-linear
power handling capability up to 18 dBm at 1550 nm, providing a maximum photocurrent of
35 mA under a reverse bias of 9 volts. By utilizing the technique of partialy p-doped
photoabsorption layer, the demonstrated MM-PINPD has improvement in high-power
performance without sacrificing its speed and responsivity performance, and optically
heterodyne beating diagnosis the frequency characteristic of 3-dB bandwidth of 8 GHz and
bandwidth-responsivity product of 4.8 GHzeA/W. These are the highest current-bandwidth
product report made on metamorphic GaAs substrate, as high as 350 mA*GHz. The
bandwidth enhancement effect due to adopt partially p-doped photoabsorption layer when the
bandwidth of the photodiode were RC time limited. The overall characteristics of the device
exhibited performance required for application in 10Gbit/s optical fiber communication or 5-
GHz radio-over-fiber systems.
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