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“Abstract. In this paper, we review our research efforts on resonant cavity enhanced (RCE) high-speed-high-
efficiency p-i-n and Schottky photodiodes (PDs) operating in the 1* optical communication window. Using a
microwave compatible planar fabrication process, we have designed and fabricated GaAs based RCE
photodiodes. For RCE Schottky type photodiodes, we have achieved peak quantum efficiencies of 50% and
75% with semi-transparent (Au) and transparent (indium-tin-oxide) Schottky layers, respectively. Along with
3-dB bandwidths of 50 and 60 GHz, these devices exhibit bandwidth-efficiency (BWE) products of 25 GHz
and 45 GHz respectively. For RCE p-i-n type photodiodes, we have fabricated and tested widely tunable
devices with 92% quantum efficiency, along with a 3-dB bandwidth of 50 GHz, resulting in a 46 GHz BWE
performance. These results correspond to the highest detector performances reported for vertically
illuminated Schottky and p-i-n PDs in scientific literature.

Introduction

As the information revolution continues at an increasing pace, there is an exponentially increasing demand
for larger telecommunication bandwidths. The optical communication systems are currently the only viable
solution for this bandwidth demand. Optoelectronic components such as semiconductor lasers,
photodetectors, modulators, and optical amplifiers are at the heart of these communication systems, and the
performance of all these devices should be increased to meet the existing and expected bandwidth
requirements. Besides the optical communication systems, high-performance photodetectors are also vital

" components of optical measurement systems [1,2]. Both Schottky PDs [3-5] and p-i-n PDs [6,7] offer high-
speed performance to fulfill the needs of such systems. However, the efficiency of these detectors has been
typically limited to less than 10%, mostly due to the thin absorption region needed for short transit times.
One can increase the absorption region thickness to achieve higher efficiencies, but this also means longer
transit times that will degrade the high-speed performance of the devices. RCE photodetectors offer the
possibility of overcoming this limitation in the BWE product of conventional PDs [8-10]. High-speed RCE
photodetector research has mainly concentrated on using p-i-n PDs [11] and avalanche PDs, where 35 GHz
low-gain bandwidth [12] and 17 GHz BWE performance [13] have been reported. In our work, with p-i-n
type RCE PDs we achieved >90% quantum efficiency along with a 50 GHz performance [14]. We have
fabricated RCE Au-Schottky PDs with 50% quantum efficiency and a 50 GHz frequency performance [15].
Recently, we have improved the performance of RCE Schottky type PDs to 60 GHz bandwidth, along with a
75% quantum effidiency via a transparent Schottky layer and top diclectric Bragg mirror [16]. In this paper,
we review our recent work on design, fabrication and characterization of high performance RCE PDs.

Theory of Resonant Cavity Enhancement in Photodetectors

The well-known BWE ftrade-off is a major blockade for using high-speed PDs in long-haul
telecommunications. As the active region thickness is decreased to minimize the transit time for high-speed

purposes, the quantum efficiency of the same device proportionally decreases. For a PD with transit-time
limited frequency response, the 3-dB bandwidth can be formulated as

Jras z0-45;1-, M
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Figure 1. Schematlcs of the Fabry Perot cavity model. The shaded absorption region was used to simulate the active
region placed in the cavity.

where v is the drift velocity of the charge carrier, and d is the active region thickness. For thin active regions,
the absorption can be formulated as

n=(1-R)(1-e™)~(1~-R)ad, @

where o is the power absorption loss factor of the optical field within the active region, and ad <<I is
assumed. Using equations (1) and (2), the BWE product can be obtained as,

Soan 1= 04501~ R)var, ©)

which is independent of the active region thickness.

This BWE trade-off can be solved by placing the active region in a Fabry-Perot cavity (Fig.1). This is
usually achieved by integrating the photoactive region with a bottom Bragg mirror. In a Fabry-Perot cavity,
the optical field is enhanced resulting in increased efficiencies. The electric field component for the forward
traveling wave Eyinside the cavity (Fig. 1) can be related to the incident field E; as:

t
E = . E, @

1= rrye ™ g TRAHH)

where r,e’* and r,e?® are the reflection coefficients of the mirrors, ¢, is the transmission coefficient of the
front mirror, /3 is the propagation constant for the traveling EM wave in air, and L is the total width of the
cavity. The backward traveling wave E, is related to Eyas:

E,=re™ ’(ﬁ“")E &)

Using equations (4) and (5), we can calcplate the power enhancement factor 7, which is defined as the ratio
of the absorbed power inside the absorption layer, to the power of the incident EM wave,

(1+R,e™)1-R)
1-2JR R e ™ cos(2fpd + 4, + ;) + R R,e™ ©

77:

where R, = r/’ and R, = r,’, are the reflectivities of the mirrors of the cavity. The above result is normalized
with respect to the incident field absorbed by the detector in the absence of the cavity. As can be seen from
equation (6), the introduction of a Fabry-Perot cavity can increase the quantum efficiency without effecting
the high-speed properties. Besides, the detector becomes wavelength selective which may be very useful for
wavelength division multiplexing (WDM) based optical communication systems.
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Resonant Cavity Enhanced PIN Photodiodes

As mentioned earlier, p-i-n photodiodes are also widely used in telecommunication systems. The details of
the p-i-n photodiode epitaxial structure we have used in this work is given in Table 1. In this structure, the
bottom Bragg mirror is made of quarter-wave stacks (Alp20Ga goAs/AlAs) designed for high reflectance at
820 nm center wavelength. Carrier trapping was avoided by using linear composition grading at interfaces of
the absorbing layer. The active layer thickness, d, was chosen such that the maximum quantum efficiency is
obtained by,

R, = R,e™™ %)

where o, is the absorption coefficient, R, is the top air-semiconductor mirror reflectance, and R, is the bottom
Bragg mirror reflectance [8]. The reflectivity measurements are used to investigate the epitaxial structure of
the wafer. The resonance occurs at 826 nm with a measured reflectance minimum of 5%, while our
theoretical simulations predict nearly zero reflectance at the same wavelength. The measured resonance
wavelength changes from 826 nm at the center of the wafer, to 816 nm at the edge of the wafer. This epilayer
thickness variation across the wafer and smatl deviations between growth and design explain the difference
between the theoretical and experimental reflectance characteristics.

The samples were fabricated by a microwave-compatible fabrication process. First, chmic contacts to the N+
layers were formed by a recess etch that was followed by a self-aligned Au-Ge-Ni liftoff. The p+ ohmic
contact was achieved by an Auw/Ti lift-off. The samples were then rapid thermal annealed. Using an isolation
mask, we etched away all of the epilayers except the active areas. Then, we evaporated Ti/Au interconnect
metal which formed coplanar waveguide (CPW) transmission lines on top of the semi-insulating substrate.
The next step was the deposition and patterning of a 2000 A thick silicon nitride layer. Finally, a 1.0 micron
thick Au layer was used as an airbridge to connect the center of the CPW to the top p+ ohmic metal. The
resulting p-i-n diodes had breakdown voltages larger than 15 V.

Photoresponse measurements were carried out in the 750-850 nm wavelength range by using a tungsten-
halogen projection lamp as the light source and a single pass monochromator. The output of the
monochromator was coupled to a multimode fiber. The monochromatic light was delivered to the devices by
a lightwave fiber probe, and the electrical characterization was carried out on a probe station. The spectral
response was measured using a calibrated optical powermeter. For photospectral measurement, large area
photodiodes (250 pum x 250 um) were chosen to ensure all of the optical power is incident on the active area.
The top p* layers were recess etched in small steps, and the tuning of the resonance wavelength within the
Bragg mirror's upper and lower edges was observed.

Material Doping (cm™) Thickness (nm)

GaAs - p'2x10" 20

Alo2GagsAs p’ 2x10° 200
Alp,GaggAs —» GaAs undoped 38
GaAs undoped 470

GaAs —P Aly,GagsAs undoped 38
Alg,GagsAs n' 2x10" 390
Aly,GaggAs undoped 180

Alp,0Gag soAs/AlAs Bragg Mirror undoped 24 x (59/68)
_Scmi-Insulating GaAs Substrate

Table 1: Epitaxial structure of RCE PIN Photodiode

Fig. 2 shows the spectral quantum efficiencies of devices with different recess etch. Device 1 corresponds to
as-grown wafer, while devices 2, 3, and 4 have been recess etched 21, 44, and 79 nm respectively. The no-
etch peak quantum efficiency (86%) increases to 92% after the top absorbing GaAs cap layer is removed.
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Figure 2: (a) Experimental photoresponse of the RCE p-i-n photodibde.

The peak quantum efficiency remains almost constant afterwards until the resonance wavelength reaches to
the lower edge of the Bragg mirror (790 nm). At this point, the second resonance appears around the upper
edge of the Bragg mirror. As seen in Fig. 2, the resonance wavelength can be tuned from 780 nm to 845 nm
with peak efficiencies above 85%. The full-width at half maximum (FWHM) of the devices is around 15 nm.
The data shown in Fig. 2 is obtained at zero bias. The measured quantum efficiencies do not change at higher
reverse biases, as the undoped active region is already depleted at zero bias.

High speed measurements were made with 1 ps FWHM optical pulses obtained from a Ti-Sapphire laser
operating at 820 nm. Figure 3 shows the temporal response of a small area photodiode measured by a 50
GHz sampling scope. The measured photodiode output has a 12 ps FWHM. The Fourier transform of the
data has a 3-dB bandwidth of 38 GHz. The measured data are corrected by deconvolving the scope response,
which is assumed to be a Gaussian pulse with a 7 ps rise time. After this correction, the device has a 3 dB
bandwidth of 50 GHz, which corresponds to the highest frequency response reported for p-i-n type RCE
photodiodes.
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Figure 3: Pulse response of the sample
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We calculated the theoretical frequency response of the device as described in Ref. 15. The device under test
has an RC time constant of 1.2 ps, corresponding to a 3 dB bandwidth of 230 GHz. The response of the
device is mostly limited by the hole (7.5 ps) and electron (4.5 ps) transit times. Using these numerical values,
we predict a 3 dB bandwidth of 50 GHz for the device under test, in good agreement with the deconvolved
high-speed measurements. In terms of detector performance, which is determined by the BWE product, our
RCE p-i-n PDs have a BWE product of 92% x 50 GHz = 46 GHz. Our analysis reveals that the 3 dB
bandwidth of the p-i-n structure can be further increased to >100 GHz by using a thinner active region. For
that case a dielectric top Bragg mirror can be used to achieve >90% quantum efficiencies, which will yield a
device with a bandwidth-efficiency product in excess of 100 GHz.

Resonant Cavity Enhanced Schottky Photodiodes

We’ve designed, fabricated and characterized RCE Schottky PDs with semi-transparent (thin Au metal) and
transparent (indium-tin-oxide (ITO)) Schottky layers. The BWE performance obtained from these devices
are 25 GHz and 45 GHz respectively. Both diode structures were similarly designed using transfer-matrix-
method (TMM) based theoretical simulations, except that the RCE Au-Schottky PD design had 18 pair
bottom Bragg mirror whereas the RCE ITO-Schottky PD design had a bottom Bragg mirror of 24 pairs of
Alg20GaggoAs/AlAs alternating A/4-thick layers. A ~150 nm thick GaAs active layer was used in both
designs, which was the only absorbing part of the detector cavity at the design wavelength of 820 nm. All the
cavity layers except the GaAs photo-absorption layer were designed as Aly20Gag s0As which is transparent at
the operation wavelength. Therefore, no diffusion component of the photocurrent was expected in these
heterostructure RCE-PD designs which improves high-frequency performance of these devices. The samples
were fabricated by a microwave-compatible process similar to the one used for the pin photodiodes.

RCE Au-Schottky PDs: A thin (~10 nm) semitransparent Au film is deposited via thermal evaporation as
the Schottky contact in these devices. As Schottky contact material, Au has excellent electrical properties
and forms high-quality Schottky barriers with GaAs. The Au film also functions as the top mirror of the
resonant cavity. However, it absorbs a significant portion of the incident light, thereby decreasing the
efficiency of the detector. Moreover, the thin Au film has large surface fluctuations which causes scattering
of incident optical field. Fig. 4 shows the photoresponse of the fabricated RCE Au-Schottky PDs. The peak
quantum efficiency is 50% around 827 nm under 2.5 V reverse bias. This value corresponds to a five-fold
enhancement of the efficiency of a single-pass conventional PD with the same active layer thickness.
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Figure 4: Spectral photoresponse of RCE Au-Schottky photodiode.
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High-speed measurements were done using.the similar high-frequency set-up described in the previous
section. The best measured FWHM is 12 psec under 8 V reverse bias. Considering a 9 psec FWHM for the
50 GHz scope, the deconvolved pulse response has a 3-dB bandwidth of ~50 GHz. The detector response
becomes considerably slower for reverse biases lower than 6 V. This observation indicates that a 6 V reverse
bias is needed for full depletion of the absorbing GaAs layer, which is a result of the relatively high-doping
in the depletion region.

RCE ITO-Schottky PDs: ITO, which is known to be a transparent conductor, is a potential alternative to
thin semi-transparent Au as the Schottky-contact material. Its transparency minimizes the problem of optical
loss and scattering, resulting in higher efficiency performance [17,18]. However, due to its low refractive
index ITO films show poor reflectivity. Therefore, for optimum RCE effect we need an additional top mirror.

The deposition of the Schottky-contact material ITO was done via RF magnetror; sputtering in an Ar
environment from a composite target containing by weight 90% In,O; and 10% SnO,. Before device
fabrication, electrical and optical properties of sputtered thin ITO films were characterized. The resistivity of
the as-grown ITO film was determined approximately as 2x10™ Q-cm. This value decreased to 1.5x10™ Q-
cm and 1.2x10™*. Q-cm when the films were annealed at 300 °C and 400 °C, respectively. Using a fiber-optic
based optical transmission measurement set-up, the transmittivity of a 150 nm-thick ITO film deposited on a
quartz substrate was measured. The transmittivity was around 87% at 820 nm, and increased very slightly (to
~88%) with annealing up to 450 °C. Reflectivity at the same wavelength was measured to be 12% before
annealing, which indicated that the absorption in ITO film was ~1%. Another important optical property was
the refractive index of the film, which was measured by an ellipsometer. The measured refractive index of
the as-grown ITO film was 1.99, and this value decreased to 1.85 after the film was annealed at 450 °C.
These results showed that the sputtered ITO films could be used as low-loss, high-quality Schottky contacts
to our devices.

After the device ravrication is completed, the top mirror of the resonant cavity was formed by a PECVD-
grown dielectric Si;N,/Si0O, DBR centered at 820 nm. The resulting RCE-Schottky PDs had breakdown
voltages around 8 V and typical dark current densities were 5x107 A/cm’ at -1 V bias. By current-voltage
measurements, the Schottky barrier height and the ideality factor of the ITO/GaAs Schottky contacts were
determined as 0.74 eV and 1.12 respectively. Fig. 5 shows the picture of a fabricated small area high-speed
RCE ITO-Schottky PD.

Figure 5: Scanning electron microscope picture of a fabricated high-speed RCE ITO-Schottky photodiode.
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Figure 6: Spectral quantum efficiency of the RCE ITO-Schottky PD (a) without top DBR (b) with 2-pair top DBR

" Fig. 6(a) shows the spectral quantum efficiency measurement of the RCE-Schottky PD without a dielectric
~ top DBR mirror. The spectral quantum efficiency of the same device with a 2 pair Si;Ny/SiO, top Bragg
- mirror is shown in Fig. 6(b). The peak quantum efficiency before top DBR deposition was 66% at 817 nm
" and increased to a maximum of 75% at 815 nm for a 2 pair top DBR mirror. Both measurements were done
at zero bias. The peak quantum efficiency did not change with applied bias voltage, which indicated that the
diode active layer was completely depleted.

High-speed measurements were implemented by utilizing a picosecond mode-locked Ti:sapphire laser,

“which was tuned at the resonant wavelength of our detectors, 815 nm. The devices were illuminated by a
single-mode fiber on a microwave probe station and the resulting pulses were observed on a 50-GHz
sampling scope. The pulse response of the detector was observed to be bias dependent. While 12 psec
FWHM was measured at zero bias, this value decreased to 11.5 psec for 2 V reverse bias voltage. The best
measured data had a FWHM of 11.2 psec under a reverse bias of 4 V. Further increase of the bias voltage
. made the PD response slower, mainly due to the avalanche gain mechanism, which was sngmﬁcant for bias
voltages higher than 5 V. Fig. 7 shows the measured temporal response of a small area (5x5 um %) RCE ITO-
Schottky PD under 4 V reverse bias. The Fourier transform of the temporal data has a 3-dB bandwidth of 43
GHz. The measured data was corrected by deconvolving the scope response. Considering a 9 psec FWHM
_for the 50 GHz scope, our detectors had a 3-dB bandwidth of 60 GHz. The inset figure in Fig. 7 shows the
as-measured and deconvolved frequency responses obtained from the fast Fourier transform (FFT) of the
temporal detector response. The efficiency and bandwidth measurements of the fabricated RCE ITO-
Schottky PDs resulted in a detector performance of 45 GHz BWE product.
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Figure 7. Pulse response of a 5x5um’® RCE ITO-Schottky PD. The inset shows the as-measured (dashed line) and
deconvolved (solid line) frequency responses of the detectors.
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Conclusion

"In summary, we reviewed our recent work on ultrafast high-efficiency resonant cavity enharced
photodetectors. Using a microwave compatible planar fabrication process, we have designed and fabricated
GaAs based RCE PDs. For RCE p-i-n type PDs, we have achieved a BWE performance of 46 GHz. For RCE
Schottky type photodiodes, we have improved the 25 GHz BWE performance to 45 GHz BWE by using a
transparent ITO-Schottky layer and a dielectric top Bragg mirror instead of semitransparent Au-Schottky
metal. To the best of our knowledge, these BWE values correspond to the highest detector performances
reported for vertically illuminated p-i-n and Schottky photodiodes.
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