This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JLT.2014.2310780, Journal of Lightwave Technology

JLT-15908-2014

1

40 GHz Si/Ge uni-traveling carrier waveguide
photodiode
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Abstract—We report a Si/Ge waveguide-coupled uni-traveling
carrier (UTC) photodiode for high-power high-speed
applications. Using the uni-traveling carrier structure rather
than a PIN structure, capacitance and power handling are
decoupled from responsivity and transit-time, enabling a detector
with a 40 GHz bandwidth and a dilute absorption profile. This
photodiode had a responsivity at 1550 nm of 0.5 A/W and a -1 dB
compression current of 1.5 mA at 40 GHz. A longer device with
the same cross-section had a 33 GHz bandwidth, responsivity of
0.7 A/W, and -1 dB compression current of 2.1 mA at 30 GHz.

Index Terms—microwave photonics, photodetectors, silicon
photonics, uni-traveling-carrier photodiode

I. INTRODUCTION

icrowave photonic links require photodiodes with large

bandwidth, high efficiency, and large saturated output
power. The silicon/germanium system is appealing for
microwave photonics applications due to the high thermal
conductivities of silicon and germanium relative to InP and
InGaAs, the durability and low cost of the substrate material,
and high-speed and high-power performance of demonstrated
devices [1]-[5].

There are numerous design trade-offs between speed,
efficiency, and output power. For germanium-based
photodiodes, even at relatively low operating frequencies,
waveguide-based designs are often more promising than
surface-normal designs because the bandwidth-efficiency
product of germanium is only 10 GHz [6],[7]. For high-power
waveguide photodiodes, dilute absorption profiles are
preferable to abrupt ones because the current can be more
evenly distributed over the entire device area [8],[9], but
require devices to be longer in order to achieve good
efficiency. This can come at a cost of increased diode
capacitance and corresponding reduced bandwidth.

In the Si/Ge material system, a uni-traveling carrier (UTC)
design can be used to decrease the capacitance per unit area
relative to a PIN detector [10]. This allows high-efficiency
detectors with dilute absorption profiles to be designed. Unlike
metal-semiconductor-metal designs, which can also have
reduced capacitance per unit area relative to PIN detectors, the
UTC has a high breakdown voltage, which is beneficial for
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high-power performance. Here, we demonstrate two
waveguide coupled Si/Ge UTC photodiodes with dilute
absorption profiles. One had a 3 dB bandwidth of 40 GHz,
responsivity at 1550 nm of 0.5 A/W, and a -1dB compression
current at 40 GHz of 1.5 mA. A longer detector had a 3 dB
bandwidth of 33 GHz, responsivity at 1550 nm of 0.7 A/W,
and a -1dB compression current at 30 GHz of 2.1 mA.

Il. DESIGN

Fig.s 1 (a) and (b) show the band diagram and doping
profile of a Si/Ge uni-traveling carrier photodiode. The
germanium is entirely p-doped, while the intrinsic region and
n-sides of the diode are in the silicon. Thus the diode
capacitance and breakdown voltage are determined by the

silicon collector thickness rather than the germanium
thickness.
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Fig. 1. (a) Band diagram and (b) doping profile of a Si/Ge UTC photodiode
and coordinate system definition for (1)-(5). (c) Schematic and (d) micrograph
of a fabricated device.
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A cross-section schematic of the device is shown in
Fig. 1 (c). The absorber thickness of 175 nm was chosen to
maximize quantum efficiency. In general, the quantum
efficiency of a Si/Ge UTC is limited by both the absorption
profile (and length) and the collection efficiency, or the
number of photogenerated electrons that contribute to current
in the external circuit. Fig. 2 shows the simulated quantum
efficiency of a 20 um long device at 1550 nm as a function of
germanium thickness. The effects of the absorption profile and
limited collection efficiency are shown independently in the
figure. The optical simulation was done using the beam
propagation method for an input of the fundamental TE mode
of the silicon rib waveguide and assuming a perfectly
conducting top contact. Other simulation parameters are given
in Table 1. Optically, there are optimum points around 200,
500, and 800 nm that correspond to strong coupling from the
input passive waveguide to the absorption region. Choosing an
absorber thickness near one of these points enables short, low-
capacitance devices with good responsivity.
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Fig. 2. Simulated photodiode efficiency as a function of absorber thickness.
The optical simulation was done using the beam propagation method and the
input was the fundamental TE mode of the passive silicon waveguide. The
electrical curves were generated using (2)-(4), and the collection efficiency is
defined in (5). All simulation parameters can be found in Table 1. The
collection efficiency is similar for all s < 10° cm/s.

To estimate the collection efficiency of the device, we
solved the drift-diffusion equations for a one-dimensional

photodiode using the same approach as Ishibashi et al. [11].
Since no diffusion-blocking layer was used for these diodes (a

diffusion-blocking layer would have improved their
performance, but is difficult to grow), some of the
photogenerated electrons will diffuse into p-contact,

decreasing the quantum efficiency of the device. To account
for this, the boundary condition at the p-contact had to be
adjusted. Instead of assuming zero electron current, we use

3,(0)=an(0)s 1)
where s is the back-surface recombination velocity, and is at

most the thermal velocity of electrons in germanium
(110" cm/s). The boundary condition at the other end of the

2

absorber is similar; J,(W,) = gn(Wa)ve, Where v, is the electron
velocity at the absorber-collector junction. The coordinate
system is as defined in Fig. 1 (b). This yields the following
expression for the electron current in the absorber:

§Jn<x>=<vd+Dnml>clew+<vd+Dnm2>czemz*, @

where g is the electron charge, vy is the drift velocity in the
absorber (u.E, assumed constant), D, is the diffusion
coefficient, m; and m, are as defined in [11],
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Here, 7 is the minority lifetime and W, is the absorber
thickness.

In order to enhance both bandwidth and efficiency, we used
a graded doping profile to induce an electric field in the
absorber. For a constant field value, which corresponds to an
exponentially decreasing doping profile, the field magnitude is

= 2 KT g/ S
W, ¢ N

(4)

A,min

where kgT/q is the thermal voltage and N, is the acceptor
concentration. The field can be made larger by increasing the
difference between the low-end and high-end doping. The
high-end doping is limited to about 2-3-10* cm™ by both the
solubility of boron in germanium and the need to keep optical
loss from free-carrier absorption less than the inter-band
absorption. The low-end doping is limited to about 1-10*® cm™
by the electrical properties of the heterojunction. The
threading defects that form at the Si/Ge interface due to the
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lattice mismatch between the two materials are known to be
acceptor-like. They pin the Fermi level at the heterojunction to
about 0.06 eV above the valance band [12]. Because of this,
the doping in that area must be at least 5-10*" cm™ to avoid an
unwanted barrier. Due to the fixed values of low-end and
high-end doping, the absorber electric field strength is a
function of absorber thickness.

Fig. 2 shows the calculated collection efficiency as a
function of absorber thickness for several values of back-
surface recombination velocity. The electric field strength was
calculated using (4). Here, the collection efficiency 7. is
defined as

7,(s)= % (W,)

=Ty ()
J n (WAxszo

or the ratio of the electron current at the absorber-collector
interface given the assumed value of back surface
recombination velocity (s) to the same current assuming zero
back surface recombination. The relative values of the exit

TABLE |
SIMULATION PARAMETERS

Symbol Quantity Value
NGe Germanium refractive index 4.17
Oge Germanium absorption coeff. 3000 cm™
Nsi Silicon refractive index 3.47
Nsioz Silicon dioxide refractive index 1.47
Hn Electron mobility® 2000 cm?/Vs
T Electron lifetime 10 ns
D, Diffusion coefficient® 52 cm?/s
Ve Exit velocity 1-10" cm/s

) Saturated electron velocity in 107

Vossi silicon (see [10]) 1.2:10" cmis

2 Electron mobility was calculated from [13] assuming a constant doping
around 5-10" cm™. The diffusion coefficient was calculated from the mobility
value and the Einstein relation (using Boltzmann statistics).
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Fig. 3. Transit time as a function of absorber thickness for two different back
surface recombination velocities calculated using (2)-(3). The electric field
was assumed constant and calculated using (4). Other simulation parameters
can be found in Table 1.
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velocity (for electrons entering the collector) and back surface
recombination velocity, along with the electric field, are the
most important parameters in determining the collection
efficiency. The exit velocity assumed here is the thermal
velocity of electrons in germanium. Other simulation
parameters are given in Table 1. As expected, increasing the
field strength (by decreasing the absorber thickness) increases
collection efficiency. Thus for high collection efficiency, thin
absorbers are clearly preferable.

Equations 2-4 can also be used to solve for the frequency
response of the device. Fig. 3 shows the inverse of the 3 dB
frequency as a function of absorber thickness, calculated using
the same assumptions and equations as above. For large back-
surface recombination velocities, the frequency response is
enhanced. This is because many of the electrons do not
traverse the entire absorber (resulting in a decrease in
collection efficiency evident in Fig. 2). To achieve operation
above 40 GHz, regardless of back-surface recombination
velocity, an absorber thinner than 400 nm must be used. Thus
we used an absorber thickness of 175 nm, as it is the only
germanium thickness that permits a short and efficient device
and also lies below this cutoff value. Fig. 4 shows the
simulated bandwidth as a function of both absorber and
collector thicknesses, taking both transit time and R-C limits
into account, for a 4 um x 30 um Si/Ge UTC photodiode. The
diode capacitance was calculated using a parallel-plate model
and assuming the depletion region thickness was equal to the
collector thickness. Parasitic effects were not included. The
final collector thickness was 400 nm, and was chosen to
balance the transit time and the R-C limit.
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Fig. 4. Bandwidth contours (in GHz) for a 4 umx 30 um Si/Ge UTC
photodiode. The simulation assumed a 50 Q load and negligible parasitic
capacitance and resistance.

I1l. FABRICATION

Fig. 5 shows the process used to fabricate waveguide Si/Ge
UTC photodetectors. The n-well under the detector was
patterned prior to growth. It was approximately 400 nm thick
with a doping density of 1:10"® cm™ and a measured sheet
resistance of 1.2 kQ/o. The photodiode epitaxial layers were
grown using selective area growth in wells much larger than
the final photodiode dimensions. This allowed the detector
mesas and input waveguide to be patterned in the same
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lithography and etch step, avoiding the need for careful
alignment between the two layers. Photodetector mesas and
waveguides were formed using an inductively coupled plasma
SF¢/O, etch. Because the photodiodes are taller than the
silicon waveguides, this required two etch steps; the same Cr/
SiO, hard-mask was used for both.

(1) N-well patterning (2) Si/Ge selective area growth

photodetector
Si02 +Cr 1
hardmas
_waveguide

(3) Waveguide etch and PD
mesa partial etch

(4) Completed waveguide
etch and n+ implant

(5) Sticking layer deposition
and via etch

(6) Probe and contact metal
deposition

Fig. 5. Fabrication process used for Si/Ge UTC photodiodes.

After the waveguide and mesa etch, the n+ contacts were
formed. The same Cr hard-mask used for the waveguide and
mesa etch was used for this step, so that the n+ contact areas
were self-aligned to the detector mesas. The contact doping
density was approximately 1-10° cm™. The phosphorus
implants were activated in a 5minute 600 °C anneal.
Following the activation anneal, a 500 nm layer of PECVD
SiO, was deposited everywhere and BCB was patterned under
the probe pads. Then vias were etched in the SiO, and
Ni/Ti/Au (30 nm/100 nm/1 um) probe/contact metal was
deposited.

IV. DC CHARACTERISTICS

Fig. 6 shows the reverse I-V characteristics of the 3 um x
90 pm and the 4 pum x 13 pm devices considered in this work.
Both devices were fabricated from the same epitaxial material
and have the same absorber and collector thicknesses. The

4

dark current at -1V was 36 nA for the longer device and
24 nA for the shorter one. The dark currents of both devices
are similar until around -2.5 V, at which voltage the 4 um x
13 um device dark current increases substantially. This was
not typical; most detectors fabricated on the same wafer had
reverse |-V curves more similar to the 3 um x 90 um device.
It is most likely due to breakdown of the dielectric layer on the
sidewall of the device. At -5V, the dark current of the longer
device was 700 nA and the dark current of the shorter detector
was 20 pA. All dark current values were measured in a dark
room at 25 °C.
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Fig. 6. Dark currents of the 3 um x 90 pum and 4 pm x 13 pm devices.

Fig. 7 shows the responsivity of a 90 um long device as a
function of reverse bias at 1550 nm. Polarization was
controlled during the experiment, and the polarization
dependence was 1 dB. The 11 dB coupling loss between the
waveguide and lensed fiber has been subtracted from the input
optical power. The responsivity increases from 0.55 A/W
at -1V bias to 0.7 A/W at -5 V. This is most likely due to an
increase in collection efficiency. As the voltage is increased,
the electric field at the silicon/germanium interface also
increases. The result is that more photogenerated electrons are
collected by the external circuit rather than recombining at the
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Fig. 7. Responsivity as a function of voltage for the 3 um x 90 device.
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p-contact. Since the expected electric field in the collector is
well below the breakdown voltage of silicon, the increase in
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responsivity is unlikely to be due to avalanche gain.

Fig. 8 shows the responsivities of several devices at
1550 nm and -1V bias as a function of detector length.
Polarization was again controlled during the experiment and
chosen to optimize responsivity. The simulated curve
(simulated using the method described in Section I1) is also
shown and agrees qualitatively with the data. The simulation
predicts responsivity values about two times larger than the
measured values; in order to facilitate qualitative comparison,
the theory curve has been scaled to match the data. At least
1 dB of the discrepancy between theory and measurement is
due to the voltage-dependence of the collection efficiency.
The remaining 2 dB difference between simulation and
experiment is most likely due to excess modal loss (e.g. metal
loss) or waveguide propagation loss. The excess modal loss
from the top metal contact and from free-carrier absorption in
the n-silicon was not included in the simulation, which causes
the simulation to over-estimate the efficiency. To calculate the
optical power at the input of the device, we subtracted the
measured facet coupling loss, but assumed that the loss of the
1 mm long input waveguide was negligible, which may not be
the case. The expected loss for this type of waveguide is about
2 dB/cm, though it can be much higher if the waveguide is
damaged during fabrication.

0.8

Responsivity (A/W)

0 20 40 60 80
Length (um)

100

Fig. 8. Measured (dots) and simulated (line) responsivity as a function of
device length at 1550 nm and -1 V bias. The simulation was done using the
beam propagation method using material parameters given in Table 1. To
enable a qualitative comparison, the simulated curve has been scaled to fit the
data.

V. RF CHARACTERISTICS

Fig.s 9 and 10 show the extracted capacitance and series
resistance for the Si/Ge UTCs from -2 to -5 V bias. The diode
impedance (Zpp) was extracted from the microwave reflection
coefficient (Sy,) using

VAN VA
Sp = - ° (6)
Lop +14,

where Z; is the system impedance, and diode capacitance and
series resistance were found by fitting the data to the

5

equivalent circuit model shown as an inset in Fig. 10. For
small devices, which typically have large series resistances
(relative to 50 Q) and small capacitances (relative to the pad
capacitance), using (6) directly accurately determines the total
(detector plus pad) capacitance, but can result in a poor
approximation of the series resistance. Thus to extract the
values in Fig. 9 and Fig. 10 from the raw microwave reflection
data, the pad impedance was calibrated out before resistance
and capacitance values were fit.
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Fig. 9. Diode capacitance as a function of device length. The devices were
biased at -2, -4, and -5 V (all shown on the same curve). The straight lines
were fitted to the entire data set assuming a constant capacitance per unit area.
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Fig. 10. Series resistance as a function of device length. The devices were

biased at -2, -4, and -5V (all shown together). The curves were fit to the

entire data set. Inset: equivalent circuit model used to fit parameters to Sy
data.
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To estimate the pad capacitance, the small-circuit
equivalents of many photodiodes with different dimensions
were found, neglecting the effect of the pad capacitance. Then
the pad capacitance was extracted by assuming a constant
capacitance per unit area. Since neglecting the pad capacitance
has a small impact on capacitance error, this is expected to be
accurate. Corrected reflection coefficient values were
generated using
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where Sy, corr IS the corrected reflection coefficient, S,; is the
measured reflection coefficient, and Cyg is the pad
capacitance. The process was repeated until a self-consistent
value (within 250 aF) for the pad capacitance was found. The
pad capacitance estimated using this technique was 16 fF. This
value agrees well with data from pad-only test structures with
the same layout fabricated on similar substrates.

The measured diode capacitance is linearly proportional to
area, and the slope of the line is as expected for photodiodes
with areas larger than 200 pm* A simple parallel-plate model
predicts 259 aF/um? using the collector as the intrinsic region
thickness, while the measured slope was 231 aF/um?. This
corresponds to an additional thickness of depleted silicon of
50 nm, which is reasonable given the n-well doping. This
straight line fit is shown in Fig. 9. The extracted capacitances
of small photodiodes are typically larger than the straight-line
fit. This is most likely due to the fringe capacitance, which is
expected to be 1-2 fF for these devices [14], [15].

The series resistance shown in Fig. 10 appears to be
dominated by the p-contact resistance, as narrower
photodiodes have higher series resistances. The p-contact
resistance, measured using cross-bridge Kelvin structures, was
1-10° Q-cm? which accounts for almost the full series
resistance. For p-type germanium with this level of doping,
much lower contact resistances have been demonstrated [16].
The poor contact resistance may be due to damage to the
semiconductor prior to the contact metal deposition.

Response (dB)

0 20 40 60
Frequency (GHz)
Fig. 11. Frequency responses of the two photodiodes at -2V and at -5V bias.

Fig. 11 shows the frequency responses of the 3 um x 90 um
and the 4 umx 13 um devices at -2V and -5V bias. The
frequency response was measured with an Agilent lightwave
component analyzer at 1550 nm and includes the effect of the
probe pad impedance, though the attenuation of the RF cable
and probe was removed in the calibration process. At -5V
bias, the 3 dB electrical bandwidth of the 3 umx 90 um

6

detector was 33 GHz while for the 4 um x 13 um detector, it
was 40 GHz. The corresponding optical bandwidths (i.e.
10l09;0(S71)) of the two devices are 54 GHz and 56 GHz,
respectively.

Fig. 12 shows the R-C and transit-time contributions to the
3 um x 90 um Si/Ge UTC at -5 V bias. The R-C contribution
was extracted from the S,, data using

|ZPD - Rs|

321 = 20 |Oglo m
L PD

(®)

where the load impedance (Z,) is 50 Q and the series
resistance was 27 Q. The diode impedance Zpp was taken
using corrected S,, data from (7). The transit time response
was calculated by dividing the total response by the extracted
R-C response. The transit-time limited bandwidth extracted
this way displayed a strong voltage dependence, but the R-C-
limited bandwidth did not.

2
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Fig. 12. Transit-time and R-C contributions to the frequency response of the
3 um x 90 um photodiode at -5V bias.

VI. POWER HANDLING

The large-signal compression characteristics of the 40 GHz
4 pym x 13 pm and the 33 GHz 3 um x 90 um devices
discussed above are shown in Fig. 13. An 80% modulation
depth tone fixed at 30 GHz was generated using the standard
heterodyne technique with two free-running lasers at 1537 nm.
The RF power was measured on an electrical spectrum
analyzer. The loss of the cables was measured with a network
analyzer and subtracted from the data. In both cases, the -1 dB
compression current is around 2 mA, which corresponds to an
output power around -20 dBm. However, the longer device
has larger maximum output power since the output power
continues to increase after the -1 dB compression current is
reached. This is because the back of the device continues to
operate in the linear regime even when the front of the device
is compressed, whereas for the shorter device, the current is
more uniformly distributed. This leads to a sharp decrease in
output power beyond the -1 dB compression current for the
shorter device, in contrast to a slow increase in output power

0733-8724 (c) 2013 |EEE. Personal useis permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JLT.2014.2310780, Journal of Lightwave Technology

JLT-15908-2014

for the longer one. The maximum output power of the 4 um x
13 pm detector is -21.4 dBm, while it is -11.7 dBm for the
longer one.
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S -30t
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-50
10° 102
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Fig. 13. Output power as a function of photocurrent for both photodiodes for
a large-signal input at 30 GHz.

Fig. 14 shows the -1 dB compression current as a function
of bias voltage for both devices at different operating
frequencies. Using the waveguide photodiode nonlinearity
simulation technique discussed in [17], we simulated the
expected space-charge limited -1 dB compression current as a
function of bias voltage. For a space-charge limited
3 um x 90 um device with this cross-section and absorption
profile, the expected slope of the line shown in Fig. 14 is
4 mA/V. Instead, the measured slope id 0.4 mA/V, implying
that the voltage-dependence of the bandwidth evident in
Fig. 11, rather than the space-charge effect, is responsible for
compression. These results indicate that the most effective
way to improve the compression characteristics of the devices
will be to decrease the voltage dependence of the bandwidth.
This can most likely be achieved through more careful band-
engineering of the heterojunction.
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Fig. 14. 1 dB compression current for both photodiodes as a function of bias
voltage at 20 GHz, 30 GHz, and 40 GHz.
VII. CONCLUSION

We have demonstrated and developed the theory of
waveguide-coupled Si/Ge uni-traveling carrier photodiodes.
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The UTC structure decouples the germanium thickness from
the intrinsic region thickness, which enables independent
optimization of the absorption profile and power-handling
capability. The fabricated photodiodes showed good
responsivity, bandwidth, and power-handling. Optimization of
the Si/Ge interface is expected to yield further improvement in
all three metrics.
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