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Abstract—We successfully demonstrate ultra-fast uni-traveling 

carrier photodiodes (UTC-PDs) with sub-THz bandwidth (~170 

GHz) and high-power performance under zero-bias and at 1.55 

m optical wavelength operation. By using a type-II 

(GaAs0.5Sb0.5/InP) absorption-collector interface and inserting an 

n-type (1×1018 cm-3) charge layer in the collector, the current 

blocking (Kirk) effect can be greatly minimized. A stack of 

undoped AlxIn0.52Ga0.48-xAs layers with different Aluminum mole 

fractions (x: 0.2 to 0.08) and bandgaps is adopted as the collector 

layer.  This graded-bandgap design can provide a built-in electric 

field and further shorten the internal collector transit time. The 

demonstrated PD structure achieves a 3-dB optical-to-electrical 

bandwidth of 170 GHz and sub-THz output power -11.3 dBm at 

170 GHz, a record among all the reported zero-bias PDs.   
Index Terms—photodiodes, high-power photodiodes 

I. INTRODUCTION 

The amount of global network data traffic continues to grow, 

driven primarily by the use of wireless mobile data and internet 

video. The information and communication technology (ICT) 

sector is thus gradually coming to take up a larger portion of 

global electricity consumption (~10%) [1]. In order to minimize 

the demands of growth of the ICT sector, a large number of 

techniques have been adapted for energy-efficient processing of 

high-speed data streams in wireless [2] and wired networks 

[3,4].  Optical interconnect (OI) techniques [3,4], which could 

allow the replacement of the bulky and power-hungry 

active/passive microwave components with more energy-

saving and high-speed optoelectronic devices, provide an 

revolutionary way to further reduce the carbon footprint of data 

centers and the wired network inside.  However, the dc 

component of the high-speed optical data signal at the receiving 

end of an OI system still produces wasted heat energy, which is 

proportional to the product of dc reverse bias of the photodiodes 

(PDs) and the output photocurrent [5].  This heating effect could 

be a serious issue for the next generation of OI systems, which 

have densely packaged integrated circuits (ICs) with millions 

of optoelectronic components and optical channels forhigh-

speed linking (>50 Gbit/sec) [6].  To have PDs that can sustain  
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high-speed performance even under zero-bias operation would 

be an effective solutions to minimize this thermal issue. In 

addition, in an advanced coherent receiver array, which is used 

for the detection of optical signals with a complex modulation 

format for long-haul transmission, integration with a bulky 

broadband dc bias network with low electrical cross-talk (less 

than -30 dB) performance is necessary to handle the increased 

data rate capacity (> 100 Gbit/sec) [7].  However, the large 

geometric size of this bias network and its cross-talk 

performance will become an issue in a dense package of high-

speed (> 100 Gbit/sec) coherent photo-receiver array with a 

compact size [7].  Clearly, a high-speed PD, which can be 

operated under the zero-bias condition is highly desired to 

minimize the footprint of its external bias circuit and electrical 

cross-talk.       

The development of uni-traveling carrier photodiodes (UTC-

PDs) [7-9], which have only fast electrons as speed-limiting 

carriers under a small external applied electric field (~ 10 

kV/cm), would be one of the most attractive choices to satisfy 

the above-mentioned applications under zero-bias operation. 

This type of device structure has demonstrated an excellent 3-

dB O-E bandwidth (>110 GHz) under a 1.2 mA output 

photocurrent [7] with a moderate saturation output power (-18.6 

dBm at 2mA) at 100 GHz.  Through the use of such a zero-bias 

PD integrated with a high-gain millimeter-wave (MMW) power 

amplifier, a low energy consumption photonic emitter module 

operated at around 100 GHz central frequency has been 

successfully demonstrated for 11 Gbit/sec line-of-sight wireless 

transmission [10]. In addition, in our previous work, with a 

UTC-PD with a type-II absorption-collector interface 

(GaAs/In0.5Ga0.5P) [11], we further pushed the operation 

voltage to a forward bias (photovoltaic mode) to serve as a high-

speed laser power converter for simultaneous dc electrical 

power generation and high-speed (10 Gbit/sec) data detection 

[11-13].     

In this work, we demonstrate a novel UTC-PD design, where 

the speed performance is further enhanced to the sub-THz 

regime under zero-bias operation. By using a type-II 

(GaAs0.5Sb0.5/InP) absorption/collector interface [14] and 

AlxInyGa1-x-yAs graded bandgap structure in the collector layer, 

the current blocking (Kirk) effect can be minimized [11-13]. 

The device successfully demonstrated state-of-the-art high-

speed performance (170 GHz 3-dB O-E bandwidth at 2mA 

output photocurrent) and output power (-11.3 dBm at 8 mA) at 
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the sub-THz regime (170 GHz) under zero-bias and 1.55 m 

optical wavelength operation.  Compared with our previous 

work [15], there is significant improvement in the bandwidth 

and saturation power due to the reduction in the differential 

resistance of the fabricated devices.  To the best of our 

knowledge, this is the highest CW output power ever reported 

for photonic generation of sub-THz waves from a PD under 

zero-bias operation [7-9].      

II. DEVICE STRUCTURE AND DESIGN 

Figure 1 shows the simulated band diagram for the 

demonstrated device structure under zero-bias operation. The 

position of the Fermi level is also specified; see the dotted line 

in the figure. The simulation was conducted using commercial 

software (ISE TCAD)1. Here, we adopted the GaAs0.5Sb0.5/InP 

type II absorption-collector (A-C) layer interface [14]. The p-

type GaSb0.5As0.5 absorption layer with a thickness of 160 nm 

and a linearly graded doping profile (top: 5×1019 cm-3 to bottom: 

1×1017 cm-3) accelerates the electron diffusion process.  This 

type of band alignment can provide injected electrons from the 

p-type GaAs0.5Sb0.5 layer to the InP collector layer with high 

excess energy (~0.22 eV) and minimize the current blocking 

effect, which is the major bandwidth limiting factor of UTC-

PDs with type I A-C (In0.53Ga0.47As/InP) junctions under zero-

bias operation [11,13]. In our collector layer, we adopted 

intrinsic InP and In0.52AlxGa0.48-xAs layers with an ultra-low 

background doping density in order to relax the increase in 

junction capacitance and RC-limited bandwidth under zero-bias 

(nearly forward bias) operation [7,11].  However, the position 

of the simulated Fermi level suggests that in the proposed 

device structure, the undoped layers should become n-type 

doped layers under zero-bias due to the type-II band alignment 

in the A-C junction, as discussed above.  This would lead to an 

increase in the junction capacitance and let the net optical-to-

electrical (O-E) frequency responses be RC-limited. This issue 

will be discussed in detail later using the device modeling 

technique. The insertion of a thin (10 nm) n-type charge layer 

among these intrinsic layers at around the type II A-C junction 

results in a drop in the electron potential and further suppresses 

the current blocking effect [16].  In addition, a graded bandgap 

layer (GBL), comprised of three In0.52AlxGa0.48-xAs layers with 

different mole fractions (x: 0.2 (top) to 0.08 (bottom)), is used 

as the collector layer to create a built-in electric field and 

accelerate the electron drift process.  Among our GBLs, the 

longest cut-off wavelength for the In0.52AlxGa0.48-xAs alloy 

(In0.52Al0.08Ga0.4As), 1.46 m (0.85 eV), is chosen in order to 

avoid any undesired absorption process under 1.55 m 

wavelength excitation.    

Figure 2 shows the simulated electric (E-) field distribution 

inside the absorption and collector layers for our device under 

zero-bias operation. The blue and red lines in this figure 

represent operation of the device under the dark condition and 

with an output photocurrent of 5 mA, respectively.  The 

electron induced space-charge field inside this device is 

calculated assuming a reasonable electron drift-velocity (4×107 

cm/sec) inside the collector layer and a 6 m active diameter, 

which is the actual size of the fabricated PD. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Simulated band diagram of demonstrated UTC-PDs under zero-bias 

operation.  The unit of doping density is cm-3. 

In addition, for the 5 mA output photocurrent case, there is 

a shift in the effective bias voltage applied in the device 

simulation from zero to +0.25 V due to the fact that a load of 

50  is used during real measurement.  Details of the 

calculation of the E-field inside the collector layers of the UTC-

PDs can be referred to in our previous work [16].  As shown in 

Figure 2, the proposed GBL structure can produce a built-in 

electric field, which would not be screened by the high output 

photocurrent under zero-bias operation.  As can be seen, under 

5 mA output photocurrent, the net E-field in the A-C junction 

is nearly zero, which implies that a saturation phenomenon 

happens at this output current. This value is very close to the 

measured saturation current for our device, which will be 

discussed in detail later.  Overall, the type II band alignment 

and graded bandgap layer in our proposed device structure 

induce a more significant built-in electron potential drop from 

anode to cathode than with the traditional UTC-PD. This is of 

great benefit to the speed and output power performance of the 

UTC-PD when there is no external applied bias voltage 

(electric-field).   

 

 

 

 

 

 

 

 

 

Figure 2. The simulated electric (E-) field distributions inside the absorption 

and collector layers of our demonstrated device structure under zero-bias 

operations. Blue line: E-field distribution without light illumination (dark). Red 

line: E-field distribution with 5 mA output photocurrent and under a 50  load. 

 

Figure 3 shows top-views of the active PD chip, co-planar 

waveguide (CPW) pad on the AlN substrate (for flip-chip 

bonding, which can provide nearly ~400 GHz 3-dB bandwidth 

[16]), and the PD chip after flip-chip bonding. The inset to 

1Synopsys, Inc., 700 East Middle field Rd., Mountain View, 

CA, 94043-4033, U.S.A. 
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Figure 3 (a) shows an enlarged image of the fabricated PD 

which has a diameter of 6 m and measured DC responsivity at 

~0.09 A/W. 

 

 

 

 

 

 

 

Figure 3. (a) Top-views of the active PD chip, (b) bonding pads on the AlN 

substrate, and (c) PD chip after flip-chip bonding.  The inset in (a) shows a 

zoom in picture of the active PD. 

III. MEASUREMENT RESULTS AND DISCUSSION 

A heterodyne beating system is used to measure the dynamic 

performance of the fabricated device structure.  A power meter 

with a diode based sensor head, which covers the dc to 50 GHz 

frequency range is used for measurement. When the 

measurement frequency is greater than 75 GHz, a thermal 

MMW power meter (PM4, VDI-Erickson) is used. All the 

dynamic measurement results presented here, which include the 

O-E frequency responses and THz output power, have been 

carefully de-embedded to remove any contributions due to 

losses from the passive components used.   From dc to 50 GHz, 

the frequency dependent loss of the passive components mainly 

originates from the radio-frequency (RF) coaxial cable and bias 

tee, typically around 8 dB at 50 GHz operation. The value of 

the frequency dependent loss was carefully verified using a 

broadband network analyzer (0.01 to 67 GHz). When the 

measurement frequency further increases (75-170 GHz), there 

are three major sources of insertion loss in our setup. The first 

is the frequency dependent insertion loss of the waveguide 

probe. For the WR-6 waveguide probe, which has a built-in bias 

tee, the loss is around 3 dB at 170 GHz operation, according to 

information provided by the manufacturer of the waveguide 

probe2.  The second is the loss associated with the straight WR-

10 waveguide section (0.185 dB at 170 GHz)3, which is 

connected with the power sensor head. The last is from the 

waveguide taper (0.33 dB at 170 GHz)3.  This component 

connects the WR-10 waveguide and the head of the waveguide 

probes (WR-6).  After the calibration procedure, the corrected 

measured power values matched well at the edged frequency of 

the different bands, which included 50, 75, 110, and 170 GHz.  

This reveals the accuracy of the calibration procedures. Figures 

4 to 6 show the measured bias dependent O-E frequency 

responses of the device from low (2 mA) to high (5 mA) output 

photocurrents, respectively. In each figure, the values of the 

data points in each O-E trace have been normalized to the 

output power of the PD at near dc (~1 GHz) and under zero-

bias operation. The black trace in Figure 4 represents the 

extracted RC-limited frequency response of our demonstrated 

device, which will be discussed in detail later.  We can clearly 

see that even under zero-bias operation with a moderate value 

of output photocurrent (2 mA), an extremely wide 3-dB O-E 

bandwidth (170 GHz) can be achieved. To the best of our 

knowledge, this is the best high-speed performance reported for 

any zero-bias photodiode [7-9].  Furthermore, the 

corresponding output photocurrent (> 2 mA) for the wide O-E 

bandwidth is high enough for most high-speed (100 Gbit/sec) 

photo-receiver circuit applications [6].  In addition, we can 

clearly see that under a low output photocurrent (2 mA), the 

measured bandwidth is insensitive to the reverse bias voltage (0 

to -1 V).  This implies that the built-in electric-field inside the 

active layers is strong enough to overcome the output 

photocurrent (~2 mA) induced space-charge-screening (SCS) 

effect.  On the other hand, when the photocurrent reaches 5 mA, 

a saturation phenomenon is observed under zero-bias operation.  

Compared to the device under a -1 V bias, there is a ~2 dB drop 

in the output power in the zero-bias traces from near dc (~1 GHz) 

to the 3-dB bandwidth for the PD.  This indicates that a higher 

reverse bias voltage (-1 V) is necessary to compensate for the 

SCS effect and minimize the degradation in speed performance 

for such a high output photocurrent (5 mA).  

 

 

 

 

 

 

 

 

Figure 4. The measured bias dependent (0, -0.5, and -1V) O-E frequency 

responses with a 6 m active diameter PD measured at an output photocurrent 

of 2 mA. 

 

 

 

 

 

 

 

Figure 5. The measured bias dependent (0, -0.5, and -1V) O-E frequency 

responses with a 6 m active diameter PD measured at an output photocurrent 

of 3 mA. 

 

 

 

 

 

 

 

Figure 6. The measured bias dependent (0, -0.5, and -1V) O-E frequency 

responses with a 6 m active diameter PD measured at an output photocurrent 

of 5 mA. 
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The net O-E 3-dB bandwidth )( 3dBf  of a PD is determined 

by the carrier transit time (
tf1 ) and the RC time constant 

(
RCf1 ).  We used the equivalent-circuit-modeling technique to 

investigate whether the internal carrier transit or RC-limited 

bandwidth dominates the measured net O-E bandwidth of our 

device [16-18].  With such an approach, the RC-limited 

bandwidth (
RCf ) can be extracted by the use of the measured 

scattering parameters of the microwave reflection coefficients 

(S11) [16-18] of the PD.  Figure 7 (a) shows the adopted 

equivalent circuit models for the fitting of the S11 parameters 

and the fitted values of each circuit element, except for RT and 

CT, which are shown in the Table inserted into Figure 7 (b).  

Here, CJ, RJ, and RC represent the junction capacitance, junction 

resistance, and differential resistance of the active p-n diode, 

respectively; CP represents the parasitic capacitance induced by 

the interconnected metal lines between the passive CPW and 

active diode; RP and LP indicate the ohmic loss and inductance 

of the metallic CPW pads, respectively; and Rg and Cg represent 

the dielectric loss and capacitance caused by the buried 

dielectric layer (PMGI: Polymethylglutarimide) below the 

metal pads, respectively.   

During the device modeling process for the extraction of 

the extrinsic 
RCf  for the PD chips, two artificial circuit 

elements (RT and CT) are removed, due to the fact that they are 

used to mimic the low-pass frequency response of the internal 

carrier transit time [16-18]. Figure 7 (b) shows the fitted and 

measured S11 parameters as a Smith Chart, while the extracted 

RC-limited frequency responses are given in Figure 4, as 

discussed above. We can clearly see that the fitted S11 trace 

matches the measured ones well, from nearly dc to 65 GHz (on 

the Smith Chart), and that the resonant frequency (~120 GHz) 

of the extracted RC-limited frequency response is very close to 

the net measured O-E one. These results are indicative of the 

accuracy of the proposed equivalent-circuit model.  From the 

extracted RC-limited 3-dB bandwidth at around 175 GHz, we 

can conclude that the measured net O-E bandwidth (~170 GHz) 

is mainly determined by the RC time constant. The root cause 

of our large RC time constant might be the additional junction 

capacitance (Cj) induced by the non-depleted carriers, which 

originates from the type-II band alignment, as discussed in 

Figure 1.  One feasible way to further relax the RC bandwidth 

and improve the net speed performance of the demonstrated 

device is to appropriately thicken the intrinsic layer.  In addition, 

directly downscaling the device active area can also enhance 

the RC-bandwidth of the device, however, such an approach 

will usually lead to an increase in the differential resistance and 

significantly degradation in the speed performance of the PD 

under zero-bias operation [11,13].  In a previous work, we 

successfully demonstrated the use of an under-cut (mushroom) 

mesa structure to eliminate the trade-off between the junction 

capacitance and differential resistance in type-II 

GaAs/In0.5Ga0.5P high-speed UTC-PDs for zero (forward) bias 

operation [13]. It might be possible to adopt this under-cut mesa 

structure to further improve the dynamic performance of this 

newly proposed type-II Ga0.5As0.5Sb/InP UTC-PD.  Figures 8 

and 9 show the transfer curves of the reverse bias voltages 

versus output photocurrent and normalized sub-THz power at 

170 GHz, respectively. Here, two types of devices are measured 

for comparison.  One is the proposed PD structure described in 

this paper and the other is the traditional In0.53Ga0.47As/InP 

UTC-PD structure with an additional n-type charge layer near 

the A-C interface [16].  Both devices share the same flip-chip 

bonding packaged structure and absorption/collector 

(~160/~160 nm) layer thicknesses. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) Equivalent-circuit-model. VCCS: voltage controlled current 

source. (b) Measured (continuous line) and fitted (open circles) S11 parameters 

from near dc to 65 GHz under a fixed dc bias (0 V). The head of the red arrow 

indicates the increase in the sweep frequency. The inserted table shows the 

values of the circuit elements used in the modeling process. 
 

 We can clearly see that compared with the traditional UTC-

PD, our proposed device structure shows a much smaller 

variation in both the photocurrent (0.7 vs. 2 mA) and sub-THz 

output power (2.8 vs. 26.1 dB) when the bias voltage swings 

from reverse to nearly forward (zero-bias). The measurement 

results strongly indicate the superior speed and power 

performance of our device compared to the traditional UTC-PD, 

under zero-bias operation.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 8. The measured transfer curve (bias voltage vs. photocurrent) at 170 

GHz for the demonstrated type-II UTC-PD structure and reference UTC-PD 

structure. 
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Figure 9. The measured transfer curve (bias voltage vs. output MMW power) 

at 170 GHz for the demonstrated type-II UTC-PD structure and reference UTC-

PD structure. 
 

Figure 10 shows the photo-generated MMW power versus 

output photocurrent obtained with our PD under sinusoidal 

signal excitation at the 170 GHz operating frequency. The 

output power was measured by a thermal THz power meter 

(PM4, VDI-Erickson) and the value of the THz power shown 

here has been carefully de-embedded, taking into account an 

insertion loss of around 3 dB for D-band WR-6 waveguide 

probe, 0.33 dB for the waveguide taper (WR-6 to WR-10), and 

0.185 dB for WR-10 waveguide section at the 170 GHz 

operation frequency. As can be seen, the optimum bias for 

maximum output power should be around -0.5 V and there is 

around a 3 dB enhancement in saturation output power 

compared to that obtained under zero-bias operation.  This 

result differs from our O-E frequency response measurement 

results, which were illustrated in Figures 4 to 6, suggesting that 

the optimum bias for high-speed performance under high output 

photocurrent is -1 V.  The drift in the optimum bias can be 

attributed to the differences between the two devices, with 

different values of differential resistances of ~70 and ~100 

used for power and speed measurement, respectively.   

We can clearly see that under zero-bias operation, there is 

significant saturation in the output power when the 

photocurrent is over 5 mA, which is consistent with our 

calculation results, as illustrated in Figure 2. Furthermore, 

compared with the results reported for the traditional UTC-PD 

with the In0.53Ga0.47As/InP A-C junctions and excellent 

performance in terms of speed and power under zero-bias 

operation [7], our device have an ~7.3 dB higher output power 

(-11.3 vs. -18.6 dBm), a higher saturation current (8 vs. 2 mA), 

and at a higher operation frequency (170 vs. 100 GHz). To the 

best of our knowledge, this is the highest CW output power ever 

reported for photonic generation of sub-THz waves from a PD 

under zero-bias (bias-free) operation [7-9].  Besides, as 

specified in this figure, there is an approximately 7.3 dB 

difference in power between the ideal (100% optical 

modulation depth) and measured traces.  Such a discrepancy 

can be attributed to that the 3-dB high-frequency roll-off of the 

device itself at 170 GHz operation and the around 60% optical 

modulation depth in our optical system during power 

measurement, which corresponds to the other 4.3 dB loss of 

power.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 10. The measured photo-generated MMW power versus photocurrent 

under sinusoidal signal excitation and different reverse bias voltages (0, -0.5, 

and -1 V) at an operating frequency of 170 GHz. The solid line shows the ideal 

trace for a 100% modulation depth and 50 load.  

IV. CONCLUSION 

In this study we demonstrate a novel UTC-PD structure with 

state-of-the-art high-power and high-speed performance under 

zero-bias operation. Through the use of a type-II A-C junction 

and graded bandgap collector, the device, with an advanced 

flip-chip bonding package, exhibits an extremely wide O-E 

bandwidth (170 GHz), reasonable responsivity (0.09 A/W), and 

a moderate value of output power (-11.3 dBm) at the sub-THz 

regime (170 GHz) under zero-bias operation.  The proposed 

device structure may find applications in next-generation OI or 

coherent fiber communication systems, where the densely 

packaged high-speed (100 Gbit/sec) photo-receiver array with 

extremely small thermal/electrical cross-talks and compact 

module size is highly desired.     
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