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Chong Li1, ChunLai Xue2, Zhi Liu2, Hui Cong2, Buwen Cheng2, Zonghai Hu3, Xia Guo1,3 &
Wuming Liu4
Si/Ge uni-traveling carrier photodiodes exhibit higher output current when space-charge effect is
overcome and the thermal effects is suppressed. High current is beneficial for increasing the dynamic
range of various microwave photonic systems and simplifying high-bit-rate digital receivers in many
applications. From the point of view of packaging, detectors with vertical-illumination configuration
can be easily handled by pick-and-place tools and are a popular choice for making photo-receiver
modules. However, vertical-illumination Si/Ge uni-traveling carrier (UTC) devices suffer from interconstraint between high speed and high responsivity. Here, we report a high responsivity verticalillumination Si/Ge UTC photodiode based on a silicon-on-insulator substrate. When the transmission of
the monolayer anti-reflection coating was maximum, the maximum absorption efficiency of the devices
was 1.45 times greater than the silicon substrate owing to constructive interference. The Si/Ge UTC
photodiode had a dominant responsivity at 1550 nm of 0.18 A/W, a 50% improvement even with a 25%
thinner Ge absorption layer.
High-current photodiodes, which receive communication signals in the near-infrared range, are highly beneficial
for increasing the dynamic range of various photonic systems1,2 and simplifying high-bit-rate digital receivers3.
The output radio-frequency signal level from these photodiodes can be increased with the response photocurrent.
High-current photodiodes are particularly important components in optically-steered phased array antenna systems, because they can help the antenna to reduce its phase- and amplitude-matched electronic gain4,5,6. However,
the conventional pin structure has a limitation in current density during high frequency operation, owing to the
space-charge effect7,8.
The uni-traveling carrier (UTC) structure was designed to overcome the space-charge effect using a p-type
doped absorption layer instead of a conventional intrinsic layer9–14. However, the photo-generated electrons diffuse from the p-type layer to the collection layer, resulting in a greatly reduce transit frequency. The reported
transit frequency of typical UTC devices (with a 40 μm-diameter mesa and a 0.6 μm carrier diffusion length)
approaches the RC frequency9,15. There are two general methods to increase the bandwidth. One is reducin the
size of the device16–19. Unfortunately, smaller area of devices induces high thermal heating inside, which generates
a negative feedback of the output power of these devices10,20. Monoatomic crystals such as Ge and Si have higher
thermal conductivity than InGaAs and InP alloy materials21. Additionally, Si/Ge devices have great advantages in
their compatibility with complementary metal-oxide-semiconductor (CMOS) technology and large-scale monolithic integration circuits, low cost, and low power consumption22–26. Therefore, Si/Ge uni-traveling carrier photodiodes have dramatic practical potential for high-current output applications19,27. The other method is shortening
the diffusion length28. However, the absorption efficiency decreases with the diffusion length, for the devices
with the most commonly-used vertical-illumination configuration. Vertical-illumination configuration has great
advantage on easily handling by pick-and-place tools and is a most popular choice for making photo-receiver
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Figure 1. (a) Cross-sectional schematic view of the reported Ge-on-SOI UTC photodetector and top view
of a double-mesa structure of the Ge-on-SOI UTC photodetector. The substrate was SOI with a 1.0-μm-thick
n-doped top Si film and a 2-μm-thick BOX layer, the collect layer was a 0.3-μm-thick intrinsic epitaxial silicon
layer, and the absorption layer was a 0.6-μm-thick epitaxial germanium layer with step gradient doping of B
atoms. (b) The left black coordinate and curve show the doping concentration of B atoms in the Ge absorption
layer step, as determined by SIMS. The etch step was nearly 0.05 μm wide, resulting in six high local electric
fields to accelerate the photon-generated electrons and shorten the transmit time. In the simulation, the doping
concentration in absorption layer decreased form 5 × 1019/cm3 to 2 × 1017/cm3, which was modified according
to the doping parameters of SIMS measurements. The right red and blue coordinates show the electric field and
band energy of our devices without bias, respectively. The peak value and width of the six local electric fields
were determined by the doping concentration around the step interfaces. According to our simulation, six step
gradients in the absorption layer enabled a maximum potential difference across the layer.
modules29–31. To our knowledge, the first vertical-illumination Si/Ge UTC device was reported by M. Piels, who
demonstrated a low thermal impedance of 520 K/W and a 1 dB saturation photocurrent of 20 mA. The responsivity of their device at 1550 nm was 0.12 A/W with a 0.8-μm-thick Ge absorption layer on silicon substrate27. Our
group reported a 40 μm-diameter vertical-illumination Si/Ge UTC device with a high responsivity of 0.18 A/W
but low bandwidth of 2.7 GHz 32. Increasing the thickness of the Ge absorption layer could improve the responsivity31, but decrease the electron transit frequency and the response speed34. Therefore, it is a challenge to obtain
both high responsivity and high speed at the same time in vertical-illumination Si/Ge UTC detectors.
Silicon-on-insulator (SOI) substrates have great advantages on the responsivity and bandwidth performance
of Si/Ge photodiodes. First, the large difference in refractive index between the buried oxide layer (BOX) and the
Si is beneficial in recycling transmission light back to the absorption layer, which is equivalent to extending the
absorption length. This allows the absorption efficiency of the photodiodes to be increased without sacrificing
the response speed. Second, high quality Ge film with low threading dislocation density (TDD) can be obtained
on the SOI substrate by elastic deformation of the top silicon membrane, and adapt to the lattice of the Ge
hetero-epitaxial file, which could increase the carrier lifetime and decrease the non-radiative recombination rate,
increasing the collection efficiency33–36. Therefore, the carrier collection efficiency of the device may be enhanced
using a SOI substrate. Third, the use of a SOI substrate could reduce the parasitic capacitance of the device, which
would result in a better frequency response performance37,38 and a decrease in power loss39.
Here, we report a high-speed, high responsivity vertical-illumination Si/Ge UTC-PD based on a
silicon-on-insulator (SOI) substrate. The silicon-on-insulator substrate was used to reflect transmission light for
high absorption efficiency, and to improve the lattice quality of the Ge epitaxial layer to increase the efficiency
of photon-generated carrier collection. The absorption efficiency of the Ge-on-SOI UTC photodiode was found
to vary periodically with the thicknesses of both the BOX and Si layers, owing to the interference between the
incident light and the light reflected by the BOX layer of the SOI. Moreover, the maximum absorption efficiency
of the devices on SOI was found to be 1.45 times greater than that of the silicon substrate and 2.3 times greater
than the minimum absorption efficiency, with the maximum light transmission of the monolayer anti-reflection
coating. We achieved a 3-dB bandwidth much larger than that in our previous work33 by using a smaller device
size of 15-μm-diameter. Meamwhile the thermal effect usually more serious in smaller devices was suppresed by
using a large second meas electrde and the 1-dB compression current was 16.2 mA at 3 GH, which is similar to the
40-μm-diameter device at 1 GH33.

Results

Structure and electric field. Expermentally, the open circle shaped top mesa electrode was desighed to
improve the success rate of lift-off. And the large second mesa electrode with a 10-μm-width as shown in the
inset of Fig. 1(a) was used to supress the thermal effect to ensure a high compress current. Figure 1(a) shows
a cross-sectional schematic view of a Si/Ge UTC photodiode based on a commercially available SOI substrate
with 1.0-μm-thick n-doped Si and 2-μm-thick BOX layers. A step gradient doped profile was employed, which
enabled the generation of several regions with high local electric field to further decrease the transit time of the
photo-generated electrons, as the red curve shown in Fig. 1(b). A simulated band-gap diagram and electric field
distribution at 0 V of such a device are illustrated in Fig. 1(b) by the blue and red curves, respectively, calculated
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after modifying the doped parameters according to the results of secondary ion mass spectrometry (SIMS) measurements. The built-in electric field was generated from the differences in the doped concentration. Each abrupt
change in doped concentration corresponded to an electric field peak. The photon-generated electrons were
accelerated in the Ge absorption layer and gained kinetic energy to pass through the Si/Ge heterojunction barrier
under the action of the built-in electric field. A larger electric field and thus lower transit time can be obtained as
compared to conventional linear-gradient-doped absorption layer11,40,41.

Responsivity characterization.

The responsivity of a vertical-illumination photodiode is limited mainly
by a combination of three factors: (1) the coupling efficiency determined by the top anti-reflection coating, (2) the
collection efficiency of the photon-generated carriers42, (3) the absorption efficiency of the Ge layer. Generally,
only the light coupled into the absorber (P0) can be converted into electron-hole pairs. To maximize the coupled
light and minimize the antireflection loss, the thickness of the top anti-reflection coating should be N·(λ/4n), due
to destructive coherence inside the coating. In our device, N = 3, n is the refractive index of the coating ( SiO2:
~1.47)43 and the transmission is about 0.94. The carrier collection efficiency of Si/Ge UTC photodiodes is mainly
determined by the design of the electric field inside the devices and by the recombination caused by defects
inside the Ge layer and at the hetero-interface44,45. Absorption efficiency is generally dependent on the absorption
coefficient and absorption length. The absorption coefficient of Ge at 1550 nm could be significantly affected by
the tensile-strain, and generally changed from 840 /cm ( 0% tensile-strain) to 4570 /cm ( 0.25% tensile-strain)46.
Assuming a 100% carrier collection efficiency, the absorption length is generally equal to the thickness of the
absorber. Therefore, the power inside the absorption layer Pab can be expressed by Pab = P0 (1−e−aD), where α is
the absorption coefficient of the absorber and D is thickness of the absorber. However, the introduction of the SOI
substrate was expected to cause recycling of the transmission light and improve the light absorption length and
efficiency by the reflection of the substrate transmission light. The new absorption power is:
Pab = P0 (1 − e−aD) + P0e−aDRref ⋅ (1 − e−aD)

(1)

where Rref is the reflection coefficient of the SOI substrate, and Rref is the reflection coefficient of the top coating
film and Ge film.
A commercial finite-difference-time-domain (FDTD) simulation package was used to compare the detailed
optical power distributions in the Si/Ge UTC photodiodes on the Si and SOI substrates with the same incident
light, top anti-reflection coating and Ge layer, as shown in Fig. 2(a,b). The scale bar is for the optical power. The
optical power inside the Si bottom layer of the SOI substrate is obviously much lower than that in the silicon
substrate. Therefore, the SOI substrate is more beneficial for higher light absorption by the Ge layer than the Si
substrate.
The relationship between the absorption efficiency and the thickness of the BOX and silicon layer was analysed and calculated by the scattering matrix methods using Matrix Laboratory (MATLAB). When the transmission of the anti-reflection coating was maximum, the absorption efficiency varied periodically with the thickness
of the substrates, as shown in Fig. 2 (c). The SOI substrate is a compliant substrate, which could further release the
built-in strain33,52,47. Therefore, it is supposed that the theoretical absorption coefficient at 1550 nm of our epitaxial
Ge is 1000/cm with a lower than 0.13% tensile-strain, which is the tensile-strain of the Ge epitaxial layer on silicon
substrate in our laboratory48–50. The absorption efficiency of the device was 0.121 with a 0.8-μm-thick coating film
without BOX. The absorption efficiency increased to 0.176 with a 1.11-μm-thick Si layer and a 1.325-μm-thick
BOX. However, the general thickness of the BOX layer in commercial SOI substrates is 2 μm, and the absorption
efficiency varied periodically with the thicknesses of Si shown in Fig. 2(d). Because of the constructive interference between the reflected and input waves, the thickness period (T) is T = λ/2n, where λ is the input wavelength
and n is the refractive index of the transmission media. In our device, the silicon thickness cycle was 0.223 μm
with a Si thickness of 1.3 μm. Thus, the theoretical maximal absorption efficiency is about 0.157, and the ideal
responsivity is 0.196 A/W with 100% photon-generated carrier collection efficiency and a 1000 /cm absorption
coefficient at 1550 nm.
The experimentally determined device current for the 15-μm-diameter photodiodes, without illumination
and with the normally incident light on the top surface, are shown in Fig. 3. The dark current was 58 nA under a
reverse bias of 1 V, which corresponds to a current density of 96.3 mA/cm2. The minimum dark current density
was approximately 61.9 mA/cm2 of the 40-μm-diameter device at −1 V. The dark current could be further reduced
by appropriate thermal processing to decrease the threading dislocation density around the Si/Ge interface51,52,passivation, or application of a guard-ring around the sidewall.
At a reverse bias of 1 V, the optical responsivity was 0.18 A/W at 1550 nm with a 0.6-μm-thick Ge layer, 50%
higher than in the previously reported Si/Ge UTC devices (R = 0.12 A/W with a 0.8-μm-thick Ge layer)27. In
Fig. 4, The photocurrent is flat over a wide range of reverse bias voltage, and the optical currents around zero bias
voltage show that a built-in electric field is already established within the p-type Ge layer and Si layer without
applying a bia53. Because of the carrier recombination, this measured responsivity is little lower than the theoretical results.

3-dB bandwidth characterization. The bandwidth of common photodiode is limited mainly by the resis-

tor–capacitor (RC) bandwidth (fRC) and the carrier transit-time-limited bandwidth (ft) in the active region54.
Particularly, for UTC devices, the transfer time of electrons in the p-type absorption layer is more important than
the RC time constant, owing to their low diffusion velocity16. Based on the principle of conservation of energy,
the electrical potential difference across the absorption layer determines the change in kinetic energy of the carriers. A high kinetic energy in the absorber could shorten the transfer time of the electrons. Based on the direct
relationship between the doping difference across the doped junction and the electrical potential difference, a
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Figure 2. The wavelength of the incident light was 1550 nm, and the absorption efficiency of the Ge
material was 1000/cm. Optical power distribution inside Si/Ge UTC devices grown on (a) Si substrate and (b)
SOI substrate with the same imput light, same top anti-reflection coating and same Ge layer. The only difference
between the two devices was the inserted 2-μm-thick BOX layer, and the thickness of the silicon collection and
contact layers was 1.3 μm. The scale bar illustrates the optical power. Because of the coherence effect between
the incident light and reflected light of the BOX layer, the optical power inside the Ge, Si, and BOX exhibited a
periodic enhancement distribution. The period was determined by the refractive index and the wavelength of
the incident light. The light inside the Si bottom layer of the SOI substrate and inside silicon substrate was the
unemployed light of the devices. Obviously, that in the SOI was much lower than that in the silicon substrate.
Thus, the SOI substrate was more beneficial for higher light absorption by Ge, compared with the Si substrate.
When the transmission of the anti-reflection coating was maximum, (c) Relationship between the absorption
efficiency of Ge-on-SOI UTC photodiode and the thicknesses of the BOX and silicon layers. Using these
thicknesses of the BOX and silicon as ordinate and abscissa, respectively, the absorption efficiency is mapped in
colored points in a two-dimensional coordinate plane. The bottom black dashed line represents the absorption
efficiency of the devices without BOX layer, which was 0.12. The other two special points are the maximum of
0.176 with a 1.11-μm-thick Si layer and a 1.325-μm-thick BOX, and the minimum of 0.077 with a 2.13-μm-thick
Si layer and a 1.84-μm-thick BOX. (d) Relationship between the absorption efficiency and the thickness of the
silicon layer, when the thickness of the BOX is the general commercial value of 2 μm. The absorption efficiency
changes periodically with the thickness of Si layer because of constructive interference. The period is T = λ/2n,
which is 0.223 μm for the silicon layer, and the maximum efficiency is 0.159 when the silicon thickness is
1.31 μm, which is close to the structural parameter of our device.

step gradient-doped region was introduced in the absorption layer to increase the potential difference across the
Ge layer. Figure 4(a) shows the band energy of the devices with a linear-gradient-doped, linear-gradient-doped
with 1-step, 6-step-and 12-step- gradient-doped absorption layer. The doping profile is uniform within each
step region. The electrical potential difference in the step-gradient doped layer is higher than that in the conventional linear gradient doped layer. We also calculated the potential differences of Ge layer with one step, 2-step-,
4-step-, 6-step-, 8-step-, 10-step-, and 12-step- gradient-doped at different bias, shown in Fig. 4(b). The maximal
value of the potential difference value can be achieved with a 4-step-gradiant-doped Ge layer. However, limited
by the technology of the in-situ doped epitaxy, the Ge layer of our device is six steps gradient doped. Therefore,
we can assume that the photo-generated electrons drifted with saturation velocity (vs) in the p-type absorption
layer of our devices owing to the high potential drop across the absorber, and then cross the collection layer with
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Figure 3. Current-voltage characteristics of the 15-μm-diameter device without illumination and under
laser irradiation with an input optical power of 1.2 mW at 1550 nm. The dark current without bias was
0.23 nA. When the reverse bias was increased to 1 V, the dark current rose to 58 nA, corresponding with a
current density of 96.3 mA/cm. The optical responsivity was 0.18 A/W at 1550 nm. The dashed line indicates
that there was a saturation of the optical responsivity values at 0 V bias, which indicates that this photodetector
configuration allowed nearly complete photo-generated carrier collection without bias.

Figure 4. (a) The band energy of the Si/Ge UTC photodiodes with a linear-gradient-doped (one piece), lineargradient-doped with a step (two pieces), 6-step-and 12-step- gradient-doped Ge absorption layer at -5 V bias.
the inset figure show the conduction band in Ge layer. The potential difference of the linear gradient doped Ge
layer is lower than the step-gradient-doped structure. (b) The potential difference of Ge layer with one step,
2-step-, 4-step-, 6-step-, 8-step-, 10-step-, and 12-step-gradient-doped at different biases. The peak potential
difference is 0.48 eV at 0 V with 4-step-gradient-doped, approximate 8% of the total potential difference of
the devices. However, when the bias voltage increased to −20 V, the potential difference of Ge layer is 5.46 eV,
almost 21% of the device potential difference. Actually, limited by the technology of the in-situ doped epitaxial,
the Ge layer of our device is six steps gradient doped.

thermionic emission velocity (vth), because of the effect of the velocity overshoot9. Then, the carrier transit frequency can be approximated by the following equation:
ft =

1
1
=
2πτa
2π (Wa/ϑs + Wc /ϑth)

(2)

where vth is the thermionic emission velocity, and vs is the saturation velocity.
Moreover, there are no depletion or depletion-layer capacitance in absorption layer due to same material,
same bandgap and same doping type around the step-gradient doped interfaces. The parasitic capacitance, resulting from leak current and threading dislocation in the Ge epitaxial layer, is small enough to be ignored compared
with the junction capacitance. Therefore, and fRC can be approximated using:
fRC =

1
1
4d
≈
⋅
2π (RS + RL ) C
2π (RS + RL ) εε0 πD 2

(3)

where Wc is the collection layer thickness, Wa is the absorption layer thickness, d is the thickness of depletion
region, D is the mesa diameter, RL is the load resistance (50 Ω in this case), RS is the series resistance, and ε and ε0
are the relative and vacuum permittivity, respectively. Series resistance arises from the resistance of the contacts
and the resistance of the un-depleted region, which could be inferred by the forward I-V characteristic curves.
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Figure 5. Frequency responses for UTC photodiodes with diameters of 15, 30, and 40 μm under 1550 nm
incident light: (a) theoretically predicted values for a series resistance of 100 Ω, which was measured using the
slope of the I-V curve at the positive bias of 0.26 V and on the assumption that the photo-generated electrons
traveled across the p-type absorption layer by drifting with saturation velocity (vs), and across the collect
layer by drifting with thermionic emission velocity (vth). (b) The 3-dB bandwidth was measured with a vector
network analyser with a bias of −5 V. The theoretical f3 dB values are almost consistent with the experimental
results except for the 15-μm-diameter device, whose difference may have resulted from the higher series
resistance of smaller size devices caused by the complicated fabrication processes.

The series resistance is inversely proportional to the area of the device, approximately equal to the slope of the
I-V curve at positive bias55. Here, the used series resistance of the device is about 100 Ω, which was the measured
resistance of the 40 μm-diameter device33. The theoretical values of f3 dB with various diameters are shown in
Fig. 5(a). The consistency between the experimental and theoretical results showed that the step gradient-doped
design was able to make the carriers drift in the absorber with a saturation velocity and efficiently increase the
transit frequency of the UTC photodiodes. Because the series resistance is inversely proportional to the area of
the device, the actual bandwidth of the 15-μm-diameter device is little lower than the calculated value, as shown
in Fig. 5(b). The bandwidth of our photodiodes was mainly limited by the high contact resistance of n-type Si
layer, which were measured to be .1.75 × 10−3 Ω·cm2, and 2~3 orders of magnitude more than the normal contact
resistance56. Specific contact resistance is a function of the barrier height, doping concentration and temperature
for a fixed semiconductor material. Therefore, some approaches, such as Al contact metal instead of Ti/Al, ions
re-implantation in metal contact region and wet etching before metallizing to get rid of the etching residue or
oxide film on the semiconductor, could significantly reduce the series resistance of our photodiode. Theoretically,
the 3-dB bandwidth of our 15 μm-diameter could be as high as 51 GHz with a 1 Ω series resistance about 30 GHz
higher bandwidth than previously reported bandwidth33. More work to improve this bandwidth is underway.
Additional, the parasitic capacitance and series resistance of the SOI substrate is lower than silicon substrate.
Therefore, the bandwidth of devices based on SOI should be higher than based on silicon substrate, theoretically.

Saturation characterization. The device saturation current was obtained using large signal measurements,

as shown in Fig. 6. A 100% modulation depth tone was fixed at 3 GHz. The 15-μm-diameter device exbibited a
3 dB bandwidth of 9.7 GHz. The 1-dB compression currents was 16.2 mA at reverse bias voltages of -6 V. The fixed
modulation frequency of the 40-μm-diameter device in ref. 33 was 1 GHz. The a 3 dB bandwidth was 2.7 GHz, and
the saturation current was also 16.2 mA under −7 V bias. Three main effects limit the photocurrent saturation of
the device: voltage drop and swing, thermal effect and space-charge effect15. The high modulation frequency could
increase the voltage drop and the small area of device could enhance space-charge effect, which both decrease the
compression current of the photodiode. However, the large second mesa electrode of the 15-μm-diameter device
had great benefits on the thermal dissipation and low series resistance. Therefore, our 15-μm-diameter device
have a similar -1-dB compression current yet with a higher modulation frequency, higher bandwidth and a lower
working voltage, compared with the 40-μm-diameter device in ref. 33. Moreover, The saturation of the Ge-on-SOI
UTC photodiodes could be further improved by suppressing the thermal effects56,57 by substrate thinning27 and
decreasing the thickness of the BOX layer.

Discussion

The demonstrated on-chip performance of the present high-responsivity vertical-illumination Si/Ge
uni-traveling-carrier photodiodes paves the way for all kinds of vertical-illumination Si/Ge photodetectors with
high responsivity, and high-quality epitaxial germanium. It will also allow the realization of large-scale monolithic integrated microwave optoelectronic antenna systems with low cost and low power consumption. The use
of silicon-on-insulator substrate for Si/Ge UTC photodiodes offers advantages in reflecting the light to increase
the absorption efficiency of the input optical signal, and improving the lattice quality of Ge epitaxial layer to
increase the efficiency of photon generated carrier collection. Because of the constructive interference between
the incident light and the light reflected by the buried oxide layer of the SOI, the maximum absorption efficiency
of the devices on SOI substrate was 1.45 times greater than that obtained with silicon substrate and 2.3 times
greater than the minimum absorption efficiency with a maximum transmission of the anti-reflection coating.
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Figure 6. Results of large signal −1-dB compression photocurrent measurement for the 15-μm-diameter
Si/Ge UTC photodiodes. The incident light had a wavelength of 1550 nm, 100% modulation depth, and
modulation frequency fixed at 3 GHz. The saturation current was 16.2 mA at a reverse bias of 6 V, and the output
RF power was 3.7 dBmW. The saturation current and RF power were further increased with the reverse bias.
The photodiodes showed a responsivity of 0.18 A/W at a wavelength of 1.55 μm, which is 50% higher than the
previously reported Si/Ge UTC devices using Si substrates. Furthermore, use of a step gradient-doped absorber
caused the carriers to drift with a saturation velocity in the absorber, which efficiently increased the transit frequency of the UTC photodiodes. As a result, the 3-dB bandwidth of the 15-μm-diameter device was improved to
9.72 GHz under a −5 V bias voltage. The 1-dB compression current of the device was 16.2 mA at 3 GHz. Hindered
by the high series resistance and the area of the device, the performance of our device is not yet comparable to the
more mature III/V devices. Nevertheless, this study introduces the great potential of Si/Ge UTC photodiodes to
high-speed microwave photonic monolithic integrated applications.

Methods

Silicon and germanium f ilm growth and characteristics.

After the growth of the intrinsic Si layer at
750 °C by cold-wall ultra-high vacuum chemical vapour deposition on the SOI substrate using a source gas of
pure Si2H6 (UHV-CVD), a brief interruption was introduced to decrease the growth temperature to 290 °C for
the growth of the 60-nm-thick p-doped Ge buffer layer. A 600-nm-thick boron-doped Ge layer was then grown
on the top as the absorption layer at 600 °C using pure GeH4 and diluted B2H6 source gases. Six boron-doping
concentration steps were made in the Ge absorption layer.

Fabrication and characterization of photodiodes.

Circular Ge layer mesas for normal incidence Si/
Ge UTC photodiodes with diameters ranging from 15 to 40 μm were defined by standard photolithography and
inductively coupled plasma (ICP) etching. The second mesa was etched to the 2-μm-thick buried oxide layer. The
double mesa layout significantly reduced the parasitic capacitance. Top and bottom contacts were lithographically defined on evaporated Ti/Al and a rapid-thermal-annealing (RTA) process was carried out for impurity
activation. A passivation/antireflection coating was deposited by plasma enhanced chemical vapour deposition
(PE-CVD). Windows for the metal contacts were opened by C4F8 ICP etching. The metal pad was evaporated and
lifted off. A micrograph of a photodiode with a 15-diameter top mesa is shown in Fig. 1(b). The current-voltage
characteristics of our device was measured using an Agilent B1500A semiconductor parameter analyser on a
probe station at room temperature. The photocurrent-voltage characteristics were obtained under laser irradiation at a wavelength of 1550 nm with power of 1.2 mW.

Saturation measurements. The device saturation current was obtained using large signal measurements.
A heterodyne technique using two free-running lasers at 1550 nm was used and a modulation index was ultimately obtained. A 100% modulation depth tone was fixed at −3 GHz for measurement of the 15-μm-diameter
device.

References

1. Cox, C., Ackerman, E., Helkey, R. & Betts, G. E. Techniques and performance of intensity-modulation direct-detection analog
optical links. IEEE Trans. Microw. Theory Techn. 45, 1375–1383 (1997).
2. Nichols, L. T., Williams, K. J. & Esman, R. D. Optimizing the ultrawideband photonic link. IEEE Trans. Microw. Theory Techn. 45,
1384–1389 (1997).
3. Williams, K. J., Dennis, M. L., Duling III, I. N., Villarruel, C. & Esman, R. D. A simple high-speed high-output voltage digital
receiver. IEEE Photon. Technol. Lett. 10, 588–590 (1998).
4. Ito, H., Nakajima, F., Furuta, T. & Ishibashi, T. Continuous THz-wave generation using antenna-integrated uni-travelling-carrier
photodiodes. Semicond. Sci. Technol. 20, S191 (2005).
5. Song, H. J. et al. Broadband-frequency-tunable sub-terahertz wave generation using an optical comb, AWGs, optical switches, and
a uni-traveling carrier photodiode for spectroscopic applications. IEEE/OSA J. Lightw. Technol. 26, 2521–2530 (2008).
6. Hisatake, S., Kim, J. Y., Ajito, K. & Nagatsuma, T. Self-heterodyne spectrometer using uni-traveling-carrier photodiodes for
terahertz-wave generators and optoelectronic mixers. IEEE/OSA J. Lightw. Technol. 32, 3683–3689 (2014).

Scientific Reports | 6:27743 | DOI: 10.1038/srep27743

7

www.nature.com/scientificreports/
7. Williams, K. J., Esman, R. D. & Dagenais, M. Nonlinearities in pin microwave photodetectors. IEEE/OSA J. Lightw. Technol. 14,
84–96 (1996).
8. Hu, Y., Marks, B. S., Menyuk, C. R., Urick, V. J. & Williams, K. J. Modeling sources of nonlinearity in a simple pin photodetector.
IEEE/OSA J. Lightw. Technol. 32, 3710–3720 (2014).
9. Ishibashi, T., Kodama, S., Shimizu, N. & Furuta, T. High-speed response of uni-traveling-carrier photodiodes. Jpn. J. Appl. Phys. 36,
6263 (1997).
10. Williams, K. J. & Esman, R. D. Design considerations for high-current photodetectors. IEEE/OSA J. Lightw. Technol., 17, 1443
(1999).
11. Chtioui, M. et al. High-power high-linearity uni-traveling-carrier photodiodes for analog photonic links. IEEE Photon. Technol. Lett.
20, 202–204 (2008).
12. Shi, T., Xiong, B., Sun, C. & Luo, Y. Back-to-back UTC-PDs with high responsivity, high saturation current and wide bandwidth.
IEEE Photon. Technol. Lett. 25, 136–139 (2013).
13. Li, N. et al. High-saturation-current charge-compensated InGaAs-InPuni-traveling-carrier photodiode. IEEE Photon. Technol. Lett.
16, 864–866 (2004).
14. Shi, J. W., Wu, Y. S., Wu, C. Y., Chiu, P. H. & Hong, C. C. High-speed, high-responsivity, and high-power performance of nearballistic uni-traveling-carrier photodiode at 1.55-μm wavelength. IEEE Photon. Technol. Lett. 17, 1929–1931 (2005).
15. Ishibashi, T., Furuta, T., Fushimi, H. & Ito, H. Photoresponse characteristics of uni-traveling-carrier photodiodes. Proc. SPIE 4283:
Physics and Simulation of Optoelectronic Devices IX, 469, San Jose, CA, SPIE, doi: 10.1117/12.432597 ( 2001, July 9).
16. Zhou, Q. et al. High-power V-band InGaAs/InP photodiodes. IEEE Photon. Technol. Lett. 25, 907–909 (2013).
17. Shi, J. W., Kuo, F. M. & Bowers, J. E. Design and Analysis of Ultra-High-Speed Near-Ballistic Uni-Traveling-Carrier Photodiodes
Under a 50-Load for High-Power Performance. IEEE Photon. Technol. Lett. 24, 533–535 (2012).
18. Rouvalis, E. et al. 170 GHz uni-traveling carrier photodiodes for InP-based photonic integrated circuits. Opt. Express 20,
20090–20095 (2012).
19. Piels, M. & Bowers, J. E. 40 GHz Si/Ge uni-traveling carrier waveguide photodiode. IEEE/OSA J. Lightw. Technol. 32, 3502–3508
(2014).
20. Stievater, T. H. & Williams, K. J. Thermally induced nonlinearities in high-speed pin photodetectors. IEEE Photon. Technol. Lett. 16,
239–241 (2004).
21. Levinstein, M., Rumyantsev, S. & Shur, M. Handbook Series on Semiconductor Parameters, World Scientific 1, 2 (1999).
22. Yang, Z. et al. Optical properties of Ge/Si quantum dot superlattices. Mater. Lett. 58, 3765–3768 (2004).
23. Wang, K. L. & Lynch, W. T. Scenarios of CMOS scaling. Proceedings of the IEEE International Conferenc on Solid-State and
Integrated Circuit Technology (pp. 12–16): Beijing, IEEE, doi: 10.1109/ICSICT.1998.785772 (1998 October 21).
24. Han, G. et al. Silicon-based tunneling field-effect transistor with elevated germanium source formed on (110) silicon substrate. Appl.
Phys. Lett. 98, 153502 (2011).
25. Li, C., Chen, Y., Zhou, Z., Lai, H. & Chen, S. Enhanced photoluminescence of strained Ge with a δ-doping SiGe layer on silicon and
silicon-on-insulator Appl. Phys. Lett. 95, 251102 (2009).
26. Kasper, E., Lyutovich, K., Bauer, M. & Oehme, M. New virtual substrate concept for vertical MOS transistors. Thin Solid Films 336,
319–322 (1998).
27. Piels, M. & Bowers, J. E. Si/Ge uni-traveling carrier photodetector. Opt. Express 20, 7488–7495 (2012).
28. Yu, H. Y.et al. High-efficiency pin photodetectors on selective-area-grown Ge for monolithic integration. IEEE Electron Device
Letters 30, 1161–1163 (2009).
29. Wu, T. T., Chou, C. Y., Lee, M. C. M. & Na, N. A critically coupled Germanium photodetector under vertical illumination. Opt.
Express 20, 29338–29346 (2012).
30. Oehme, M. et al. GeSn-on-Si normal incidence photodetectors with bandwidths more than 40 GHz. Opt. Express, 22, 839–846
(2014).
31. Dehlinger, G. et al. High-speed germanium-on-SOI lateral PIN photodiodes. IEEE Photon. Technol. Lett. 16, 2547–2549 (2004).
32. Li, C. et al. High-responsivity and high-saturation-current Si/Ge uni-travelingcarrier photodetector. In SPIE Optical Engineering + Applications
(pp. 960908–960908). International Society for Optics and Photonics, doi: 10.1117/12.2186742 (2015, August 28).
33. Yang, Z. et al. In situ relaxed Si1− xGex epitaxial layers with low threading dislocation densities grown on compliant Si-on-insulator
substrates. J. Vac. Sci. Technol. B 16, 1489–1491 (1998).
34. Hobart, K. D. et al. Compliant substrates: a comparative study of the relaxation mechanisms of strained films bonded to high and
low viscosity oxides. J. Electron. Mater. 29, 897–900 (2000).
35. Bandić, Z. Z., Bridger, P. M., Piquette, E. C. & McGill, T. C. Minority carrier diffusion length and lifetime in GaN. Appl. Phys. Lett.
72, 3166–3168 (1998).
36. Kurtz, A. D., Kulin, S. A. & Averbach, B. L. Effect of dislocations on the minority carrier lifetime in semiconductors. Phys. Rev. 101,
1285 (1956).
37. Su, L. T., Jacobs, J. B., Chung, J. & Antoniadis, D. A. Deep-submicrometer channel design in silicon-on-insulator (SOI) MOSFET’s.
IEEE Electron Device Letters 15, 183–185 (1994).
38. Li, C. et al. High-Bandwidth and High-Responsivity Top-Illuminated Germanium Photodiodes for Optical Interconnection. IEEE
Trans. Electron Devices 60, 1183–1187 (2013).
39. Green, W. M., Rooks, M. J., Sekaric, L. & Vlasov, Y. A. Ultra-compact, low RF power, 10 Gb/s silicon Mach-Zehnder modulator. Opt.
Express 15, 17106–17113 (2007).
40. Pan, H., Li, Z., Beling, A. & Campbell, J. C. Measurement and modeling of high-linearity modified uni-traveling carrier photodiode
with highly-doped absorber. Opt. Express 17, 20221–20226 (2009).
41. Jun, D. H., Jang, J. H., Adesida, I. & Song, J. I. Improved efficiency-bandwidth product of modified uni-traveling carrier photodiode
structures using an undoped photo-absorption layer. Jpn. J. Appl. Phys. 45, 3475 (2006).
42. Fakharuddin, A., Ahmed, I., Khalidin, Z., Yusoff, M. M. & Jose, R. Channeling of electron transport to improve collection efficiency
in mesoporous titanium dioxide dye sensitized solar cell stacks. Appl. Phys. Lett. 104, 053905 (2014).
43. Rosfjord, K. M. et al. Nanowire single-photon detector with an integrated optical cavity and anti-reflection coating. Opt. Express, 14,
527–534 (2006).
44. Kim, J. et al. Transparent conductor-embedding nanocones for selective emitters: optical and electrical improvements of Si solar
cells. Scientific Reports 5, 9256 (2015).
45. Savuskan, V. et al. Single Photon Avalanche Diode Collection Efficiency Enhancement via Peripheral Well-Controlled Field. IEEE
Trans. Electron Devices 62, 1939–1945 (2015).
46. Liu, J. et al. Tensile strained Ge pin photodetectors on Si platform for C and L band telecommunications. Appl. Phys. Lett. 87, 1110
(2005).
47. Jongthammanurak, S. et al. Large electro-optic effect in tensile strained Ge-on-Si films. Appl. Phys. Lett. 89, 161115 (2006).
48. Dash, W. C. & Newman, R. Intrinsic optical absorption in single-crystal germanium and silicon at 77 K and 300 K. Phys. Rev. 99,
1151 (1955).
49. Ishikawa, Y. et al. Strain-induced band gap shrinkage in Ge grown on Si substrate. Appl. Phys. Lett. 82, 2044–2046 (2003).
50. Zhi, L. et al. Effects of high temperature rapid thermal annealing on Ge films grown on Si (001) substrate. Chin. Phys. B 22, 116804
(2013).

Scientific Reports | 6:27743 | DOI: 10.1038/srep27743

8

www.nature.com/scientificreports/
51. Luan, H. C. et al. High-quality Ge epilayers on Si with low threading-dislocation densities. Appl. Phys. Lett. 75, 2909–2911 (1999).
52. Choi, D., Ge, Y., Harris, J. S., Cagnon, J. & Stemmer, S. Low surface roughness and threading dislocation density Ge growth on Si
(001). J. Cryst. Growth 310, 4273–4279 (2008).
53. Liu, J. et al. High-performance, tensile-strained Ge pin photodetectors on a Si platform. Appl. Phys. Lett. 87, 103501 (2005).
54. Feng, D. et al. High-speed Ge photodetector monolithically integrated with large cross-section silicon-on-insulator waveguide. Appl.
Phys. Lett. 95, 261105 (2009).
55. Sze, S. M. & Ng, K. K. Physics of semiconductor devices. John Wiley & Sons (2006).
56. Park, W., Hu, J., Jauregui, L. A., Ruan, X. & Chen, Y. P. Electrical and thermal conductivities of reduced graphene oxide/polystyrene
composites. Appl. Phys. Lett. 104, 113101(2014).
57. Jauregui, L. A. et al. Thermal transport in graphene nanostructures: Experiments and simulations. Ecs Trans. 28, 73–83 (2010).

Acknowledgements

This work was supported in part by the National Natural Science Foundation of China under grant Nos 61505003,
61222501, 61335004, 11434015, 61378017and 61227902, by the National High-Technology Research and
Development Program of China under grant No. 2012AA012202, by the Major State Basic Research Development
Program of China under grant Nos 2013CB632103 and 2011CBA00608, by the Specialized Research Fund for
the Doctoral Program of Higher Education of China under grant No. 20111103110019, NKBRSFC under grants
Nos 2012CB821305, SKLQOQOD under grants No. KF201403, and SPRPCAS under grants No. XDB01020300.

Author Contributions

C. Li, C. Xue and X. Guo conceived the study. Z. Liu conducted the sample-growth experiments. C. Li and
H. Cong carried out the wafers growth experiments chips fabrication and characterization test. In the meanwhile,
C. Li carried out the calculation and simulation. C. Xue, B. Cheng and X. Guo supervised the entire research
project. C. Li, C. Xue, Z. Liu, B. Cheng, Z. Hu, X. Guo and W. Liu analysed the data. All authors discussed the
results and wrote the manuscript.

Additional Information

Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Li, C. et al. High-responsivity vertical-illumination Si/Ge uni-traveling-carrier
photodiodes based on silicon-on-insulator substrate. Sci. Rep. 6, 27743; doi: 10.1038/srep27743 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 6:27743 | DOI: 10.1038/srep27743

9

