
vii 
 

Contents 

1. Introduction ........................................................................ 1 

1.1. Photonic terahertz technology ................................................ 1 

1.2. Photomixers ........................................................................ 2 

1.2.1. Photomixing theory .............................................................. 5 

1.2.2. Materials for THz photomixer ................................................. 6 

1.2.2.1. Trap-time limited materials and structures (LT-GaAs 
photoconductive mixers) ....................................................... 6 

1.2.2.2. Transit-time limited materials and structures (InGaAs/InP PIN 
photodiodes (PDs) and UTC PDs) ........................................... 8 

1.2.3. THz Photomixer Geometries ................................................ 13 

1.2.3.1. Lumped-Element (LE) Photomixers (LE PM) ........................... 13 

1.2.3.1.1. VI Photomixers .................................................................. 15 

1.2.3.1.2. Edge-Coupled (EC) Photomixers........................................... 16 

1.2.3.2. Travelling-wave photomixers (TW) ....................................... 17 

1.2.3.2.1. VI-TW photomixers ............................................................ 19 

1.2.4. Antenna Geometries ........................................................... 22 

1.2.5. Why investigating VI-TW-UTC photomixers with broadband 

antennas? ......................................................................... 24 

1.2.6. Hypothesis ........................................................................ 25 

1.2.7. Contributions of this work to the state of the art .................... 25 

1.2.8. Overview of this Thesis ....................................................... 26 

2. Carrier Transport Modeling of LE P-I-N and UTC Photodiodes ... 27 

2.1. LE-UTC-Photodiodes ........................................................... 28 

2.1.1. Drift-Diffusion Model ........................................................... 30 

2.1.2. Hydrodynamic Carrier Transport Model ................................. 31 

2.1.3. Numerical results from DD and HD Model .............................. 34 

3. RF Electromagnetic Modeling ............................................... 48 

3.1. Time-domain modeling (CST Microwave Studio) ..................... 48 

3.2. Frequency domain modeling (HFSS) ..................................... 48 

3.3. Electromagnetic simulation results for TW-mixer structures in 

different simulators ............................................................ 49 

3.3.1. Port-to-Transmission-line transmission losses and impedance 

matching .......................................................................... 49 

3.3.2. Dependence of the dark THz-absorption on the base n-layer 
conductivity ....................................................................... 53 

3.3.2.1. Analytical Model ................................................................. 55 

3.3.2.2. Simulations in CST Microwave Studio™ and High-Frequency 

Structural Simulator (HFSS™) ............................................. 62 

3.3.2.2.1. Structural Model ................................................................ 62 

3.3.2.2.2. Extraction of the absorption constant from S-parameter 
simulations ........................................................................ 63 

3.3.2.2.3. Calculation of the absorption constant from the decay of the 
central stripline current ....................................................... 65 



viii 
 

3.3.2.3. Discussion ......................................................................... 68 

3.3.3. Achievable sub-millimeter THz-power ................................... 70 

4. Conclusions ....................................................................... 86 

4.1. Discussion ......................................................................... 86 

4.2. Future Work ...................................................................... 87 

5. Bibliography ...................................................................... 89 

Appendix A. Photomixer Circuit Analysis ............................................. 99 

Appendix B. Appendix: Optical heterodyne power ............................... 101 

Appendix C. Relevant Scattering lengths ............................................ 102 

Appendix D. Analytical model ........................................................... 104 

Appendix E. Supplemental Material ................................................... 120 

 



ix 
 

List of Figures 

Figure 1.1. Photodiode model. a) Photodiode symbol. b) Equivalent Circuit. 3 

Figure 1.2. Principle of optical heterodyning. ............................................ 6 

Figure 1.3. a) Top view of an interdigitated form of the MSM photodetector. 

b) Transversal section of the MSM photodetector. ..................................... 8 

Figure 1.4. a) The p-i-n photodiode structure, the energy-band diagram, the 

charge distribution, and the electric-field distribution. B) The device can be 
illuminated either perpendicularly to, or parallel to, the junction [44]. ......... 9 

Figure 1.5. Electron velocity field characteristics for InGaAs, GaAs and InP 
[50]. ................................................................................................. 10 

Figure 1.6. Band diagrams (left) and structures (right) of UTC-PD and a PIN-
PD in comparison. .............................................................................. 12 

Figure 1.7. Principle of THz generation. (a) Schematic view of two-beam 
photomixing with a photomixer. (b) Equivalent circuit of the photomixer [18].

 ........................................................................................................ 14 

Figure 1.8. Photographs of spiral antenna (left) and interdigitated fingers 

(right). The fingers are 0.2 µm wide and separated by 1.6 µm [56]. ......... 15 

Figure 1.9. Vertically Illuminated photodetector. a) Schematic 

representation. b) Equivalent circuit [57]. ............................................. 16 

Figure 1.10. Waveguide photodetector. a) Schematic representation. b) 
Equivalent circuit [56]. ........................................................................ 17 

Figure 1.11. Velocity matched distributed photodetector.  a) Side view. b) 3D 
view [59][56]. ................................................................................... 18 

Figure 1.12. Traveling-wave photodetector. a) Simplified schematic. b) 
Propagation of optical (𝑃𝑜𝑝𝑡) and microwave (𝑃𝑅𝐹) powers along the 

transmission line [56]. ........................................................................ 18 

Figure 1.13. Operation principle of a Distributed Photomixer. In this case the 

waveguide is formed by a CPS loading a dipole antenna. Left CPS: The 

transmission line is illuminated vertically by two lasers. Right CPS: The two 
lasers interfere constructively making mobile fringes. ............................. 21 

Figure 1.14. Experimental setup from Matsuura et al [7]. ...................... 22 

Figure 1.15. Different antennas geometries: a) TW waveguide with a Bow Tie 

antenna  [39], b) TW waveguide with a Planar 2-arm log-periodic antenna 
[39], c) LE device with a Planar 2-arm log-periodic antenna [15], d) LE device 

with a Planar Spiral antenna [64], e) TW waveguide with a slot Bow Tie 
antenna [30]. .................................................................................... 23 

Figure 2.1. Proposed principle of travelling-wave UTC structures. a) layer 
configuration. b) Vertically illuminated TW-UTC [71]. c) The input NIR beams 

passes through the top surface, it is reflected at the back side of the chip and 
absorbed by the absorption layer. The dashed oval represents the cross-

sectional UTC PD. ............................................................................... 27 

Figure 2.2. Plot of responsivity of the LE-UTC photodiode versus optical 

intensity for the 3, 5, and 10 m diameter under an applied reverse bias of 2 

V. The results for the  5-m LE-UTC were taken from reference [80] ........ 35 



x 
 

Figure 2.3. Responsivity of the InGaAs/InP UTC-PD device versus optical 

intensity for for a 3 and 10 m diameter device under a reverse bias of 2 V.

 ........................................................................................................ 36 

Figure 2.4. Energy band-diagram for different optical injection levels, the line 

style matches the optical intensity for each curve for both, the valence and 
conduction bands. .............................................................................. 37 

Figure 2.5. Electric field under different optical power. a) Optical intensities 
from 5 × 103 and  5 × 105 W/cm2. b) 5 × 105 and  1 × 107 W/cm2. ............... 40 

Figure 2.6. Space charge under different optical power. a) Optical intensities 
from 5 × 103 to  7.5 × 104 W/cm2. b) from  5 × 105 to 1 × 107 W/cm2. ........... 41 

Figure 2.7. Electron density versus distance under different optical intensities.

 ........................................................................................................ 42 

Figure 2.8. a) Electron velocity distribution where the reported results were 

obtained from S.M. Mahmudur Rahman et al [80], and b) electron temperature 
across the UTC-PD at a 2 V reverse bias and optical intensity of 5000 W/cm2, 

also compared with the reported results in reference [80]. ...................... 45 

Figure 2.9. Physical principle of the transferred-electron effect: The main plot 

shows the Electron velocity vs the applied electric field. The linear dashed 

shows the linear region where the electron velocity behaviors linearly. Under 
this situation the electrons remain in the lower valley (inset 1). At electric field 

values higher than 1 kV/cm, the electrons start to transfers from the lower 
valley to the upper valley represented in the figure inset 2 [76]. .............. 46 

Figure 2.10. Electric field versus distance under different applied optical 
intensities. This plot corresponds to figure Figure 2.5a, but with a vertical axis 

scale between 0 and 4 × 103 V/cm, to focus on the electric field inside the 

absorption layer. ................................................................................ 47 

Figure 3.1. Procedure used by HFSS in order to solve an electromagnetic 

problem [87]. .................................................................................... 49 

Figure 3.2. Flowchart diagram explaining the procedure to get the best 

characteristic impedance of the transmission line by simple visual inspecting 
of the Smith Chart. ............................................................................. 50 

Figure 3.3. Smith chart showing the results of the procedure depicted in 
Figure 3.2. ......................................................................................... 51 

Figure 3.4. a) Port 1 impedances versus conductivity determined by centering 
the Smith chart (left inset) using CST Microwave Studio™ in the pulsed domain 

with a frequency range of 0 − f2, with f2 = 1, 2, or 4000 GHz. There was the 

problem that the reflected pulse was not anymore Gaussian for f2 > 1000 GHz 
in b). These values were confirmed in HFSS™. ....................................... 52 

Figure 3.5. Photodiodes fabricated in the form of mesa structures grown on 
semiconductor substrates, a) p-i-n and b) UTC (simplified). There are two 

limiting cases for these structures, one where the n-layer becomes a dielectric 
(𝜎 = 0) (c), and the other when it becomes a perfect conductor (d). .......... 53 

Figure 3.6. a) Conductances and capacitances represented on the waveguide. 

b) Voltage and current definitions and equivalent circuit for an incremental 



xi 
 

length ∆𝑧 of transmission line. The reduced geometry is obtained from the 

symmetry in a). ................................................................................. 56 

Figure 3.7. Cross-sectional view of the CPW structure with relevant 
parameters. Specific dimensions are given in Table 3.1. .......................... 58 

Figure 3.8. Analytical solutions for the absorption constants a) 𝛼1 and  b) 𝛼2 

(real parts of 𝛾1 and 𝛾2) plotted versus conductivity for 0.5, 1.0, 1.5, and 2.0 

THz. .................................................................................................. 60 

Figure 3.9. Absorption constant versus frequency for different conductivities 
for a) 𝛼1 and b) 𝛼2. c) Absorption and frequency of the interception points 

between the curves of 𝛼1and 𝛼2, from the plot a) and b) within a conductivity 

range of 1 × 10 − 1 − 4.5 × 107 S/m. ........................................................ 61 

Figure 3.10. The geometry of the simulations. a) Port geometry used in CST™ 
(discrete port) and HFSS™ (distributed port).  b) Top view of the quasi-CPW 

model to simulate characteristic impedance and absorption constant where P1 
and P2 are the ports. c) A cross-sectional view of the quasi-CPW model. d) An 

example of a simulation result in HFSS™ for 𝜎 = 5 × 104 𝑆/𝑚 (the ripple is due 

to residual standing waves). ................................................................ 63 

Figure 3.11. THz-absorption as a function of a) conductivity and b) frequency.  

The results shown are obtained using HFSS™. A couple of experimental values 
from own measurements on a distributed UTC-photodiode [30] are also 

inserted. The n-layer doping level of the measured devices is 1 × 1019cm-3, 

which corresponds to a conductivity of roughly 1.6 × 105 S/m. .................. 64 

Figure 3.12. The instantaneous current density on the central stripline for a 

lossy layer with 5.0 × 104 S/m, as simulated in HFSS™ for the 1-µm gap device. 

The maxima move with time to the right (see movie in the supplemental 
material). An exponential function with offset is fitted to it. a) device simulated 

at 500 GHz and b) device simulated at 2000 GHz. .................................. 66 

Figure 3.13. Line: Simulated absorption 1 against conductivity  is obtained 

as the fitting constant from current density vs. length plots as shown in Figure 
3.12 for the 1-µm gap device. Dash-Dot: Fitting the analytical model to the 

simulation results for a) for 500 GHz b) for 2000 GHz. ............................ 67 

Figure 3.14. THz absorption as a function of conductivity for a 1-μm-gap and 

a 3-μm-gap between the center and lateral striplines at a frequency of 500 
GHz indicating their differences in THz values. The results shown are obtained 

using HFSS™. .................................................................................... 68 

Figure 3.15. The geometry for the simulations performed in CST™ and 

HFSS™. a) Quasi-CPW structure[70]. b) Mushroom structure. c) Wall structure 
geometry. ......................................................................................... 71 

Figure 3.16. Transmission line geometry used in the computation of the 
achievable THz power. This is a micrograph of the fabricated mixers in the 

stage before the air-bridge is fabricated which connects the top of the mesa 

diode structure with the right side of the antenna. .................................. 72 

Figure 3.17. a) Gaussian Beam pattern 𝑝𝑧 from equation (3.15). b) 

Photocurrent 𝐼𝑝ℎ, 𝑎𝑛𝑡 obtained from equation (3.9) as a function of the 

Gaussian beam maximum position 𝑧0. c) Plot of terahertz power versus the 



xii 
 

underlying-doped layer conductivity at 500 GHz. d) Plot of terahertz power vs 

frequency with the doped layer at a conductivity of 4.5 × 107 S/m. ............ 77 

Figure 3.18. THz absorption as a function conductivity for the Wall-CPW (left), 
and Mushroom-CPW (right) structures. ................................................. 78 

Figure 3.19. Curves of THz Vs doped-layer conductivity for 500, 1000, 1500 
and 2000 GHz for a) Quasi-CPW structure, b) Wall-CPW structure, and c) 

Mushroom-CPW structure. ................................................................... 80 

Figure 3.20. Curves of double axis showing the THz absorption (left axis) and 

THz absorption (right axis) Vs doped-layer conductivity for 500, 1000, 1500 

and 2000 GHz for a) Quasi-CPW structure, b) Wall-CPW structure, and c) 
Mushroom-CPW structure. ................................................................... 81 

Figure 3.21. Curves of THz Power vs frequency for five doped-layer 
conductivities for a) Quasi-CPW structure, b) Wall-CPW structure, and c) 

Mushroom-CPW structure. ................................................................... 82 

Figure 3.22. Curves of photocurrent vs frequency for Quasi-CPW, Wall-CPW, 

and Mushroom-CPW devices for the following n-layer conductivities a) 1.0 ×
10 − 1, b) 2.1 × 103, c) 5.0 × 104, d) 5.8 × 105 and, e) 4.5 × 107 S/m. ............. 84 

Figure 3.23. Plot of impedance vs the underlying layer conductivity ........ 85 

 

  



xiii 
 

List of Tables 

Table 2.1. Layer parameters of the simulated InGaAs/InP UTC-PD in TCAD.
 ........................................................................................................ 29 

Table 3.1: Overview of coplanar waveguide parameters used in literature (b =
a + 2s). .............................................................................................. 59 

Table 3.2: Parameter values of the analytical model as determined from 

material constants and geometry. ........................................................ 59 

Table 3.3. Parameter values as determined by fitting the analytical model to 
the simulation result. .......................................................................... 67 

Table 3.4: CPW parameters. ............................................................... 71 

Table 3.5. Parameter values used (𝐷 is the cylindrical diameter used in TCAD 

simulations). ...................................................................................... 76 

 

  

file:///C:/Users/victo/Google%20Drive/Lab%20books%20(1)/Victor/Tesis/Tesis%20Junio/Tesis%20VHCG%2025-06-2016_EMP_VC_EM_RF.docx%23_Toc461156195
file:///C:/Users/victo/Google%20Drive/Lab%20books%20(1)/Victor/Tesis/Tesis%20Junio/Tesis%20VHCG%2025-06-2016_EMP_VC_EM_RF.docx%23_Toc461156195


xiv 
 

List of Acronyms and Abbreviations 

Numerical Methods and Computer Software 
 

FEM finite element method 

TLM transmission-line matrix 
FDTD finite-difference time-domain 

FDTLM frequency-domain transmission-line matrix 
MoM Method of moments 

HFSS High Frequency Structure Simulator 
CST Microwave CST Studio 

2-D two dimensional 
3-D three dimensional 

SCN symmetrical condensed node 
PML perfectly matched layer 

PDCM photodistributed current model 
BTE Boltzmann transport equation 

MC Monte Carlo 
DD drift-diffusion 

EB energy balance 

HD hydrodynamic 
LHS left hand side 

RHS right hand side 
SG Scharfetter and Gummel 

 
Electromagnetics 

 
EM electromagnetic 

CW continuous wave 
RF radio frequency 

MMW millimeter-wave 
LO local oscillator 

DC zero frequency 
RC resistance-capacitance 

CPW coplanar waveguide 

CPS coplanar stripline 
RPW reverse-propagating wave 

FPW forward-propagating wave 
E electric 

H magnetic 
PEC perfect electric conductor 

PMC perfect magnetic conductor 
TE transverse electric 

TM transverse magnetic 
 



xv 
 

Optoelectronics 

 

EO electrooptic 
OCS optical communication system 

PLO photonic local oscillator 
OFP optical field profile 

 
Photodetectors 

 
VPD vertically illuminated photodetector 

WGPD waveguide photodetector 
TWPD traveling-wave photodetector 

VMDPD velocity-matched distributed photodetector 
PD photodiode 

UTC uni-traveling-carrier 
MSM metal-semiconductor-metal 

FWHM full-width half-maximum 

 
Semiconductors 

 
UD unintentionally doped 

SI semi-insulating 
LTG low-temperature-grown 

EH electron-hole 
SRH Shockley-Read-Hall 

GR generation-recombination 
QW quantum well 

MBE molecular-beam epitaxy 
MSM Metal-Semiconductor-Metal device type 

GaAs Gallium Arsenide 
HDCTM Hydrodynamic Carrier Transport Model 

DDCTM Drift-Diffusion Carrier Transport Model. 

 

 

 

  



xvi 
 

List of Symbols 

𝑓 frequency [GHz] 
𝜔 radial frequency [rad/s] 
𝑐 velocity of light in free space [m/s] 

�⃗�  electric field vector [V/m] 

�⃗⃗�  magnetic field vector [A/m] 

�⃗⃗�  electric displacement vector [As/m2] 

�⃗�  magnetic induction vector [Vs/m2] 

𝑍 impedance [Ω] 
𝑅𝐿  Load resistance [Ω] 
휀0 dielectric permittivity constant [A s/(V m)] 
𝜇0 magnetic permeability constant  
휀𝑟 relative dielectric permittivity  
𝜇𝑟 relative magnetic permeability  

𝐴  vector field potential  

𝐽  current density vector [A/m2] 

𝐼𝑝ℎ  Photomixer photocurrent [A] 

𝐼𝑁𝐼𝑅  Near Infrared Radiation Intensity  
ℛ  Responsivity [A/W] 
𝑍0 characteristic impedance [Ω] 
𝑅A  Antenna impedance [Ω] 
𝑌0 characteristic admittance [S] 
ℎ Planck’s constant [Js] 
ℏ Planck’s constant [Js] 
𝑘𝐵 Boltzmann’s constant [J/K] 
𝐷𝑒  Diffusion’s constant [cm2/s] 
𝜌 volume charge density [cm-3] 
𝑛 electron concentration [cm-3] 
𝑝 hole concentration [cm-3] 
𝑁𝐴  Acceptor concentration [cm-3] 
𝑁𝐷  Donor concentration [cm-3] 
𝑛1 Concentration of trap states for electrons [cm-3] 
𝑝1 Concentration of trap states for holes [cm-3] 
𝑛𝑖 Intrinsic carrier concentration [cm-3] 
𝜑 electrostatic potential [V] 
𝑥  spatial position [cm] 

�⃗�  wave vector [1/cm] 

𝑢𝜈⃗⃗⃗⃗  carrier group velocity [cm/s] 
𝑓𝜈 non-equilibrium probability distribution  
𝑓𝜈0

 equilibrium probability distribution  

𝐹𝜈𝑒 external force [CV/cm] 
𝑅𝜈  carrier recombination rate [cm-3s-1] 
𝐺𝜈 carrier generation rate [cm-3s-1] 



xvii 
 

𝑣𝜈⃗⃗  ⃗  carrier drift velocity [cm/s] 
𝑣𝑡𝜈⃗⃗ ⃗⃗  ⃗ carrier thermionic recombination velocity [cm/s] 
𝑝𝜈⃗⃗⃗⃗  carrier momentum [kg-cm/s] 
𝑊𝜈 carrier energy  [J] 
𝑊𝜈0

 equilibrium energy  [J] 

𝑆𝜈
⃗⃗  ⃗ carrier energy flux  [Jcm-2s-1] 

𝑇𝜈 carrier temperature [K] 
𝑇𝐿 crystal lattice temperature [L] 

𝑓𝜈
ℎ𝑓

  Coefficients for heat flux  

𝑓𝜈
𝑡𝑑  Coefficients for thermal diffusion  

𝑟𝜈  Coefficients for energy flux  
𝑚𝜈

∗  carrier constant effective mass  [kg] 
𝜏𝑝𝜈 momentum relaxation time  [s] 

𝜏𝜔𝜈 energy relaxation time [s] 
𝜏𝜈 carrier lifetime [s] 
𝜏𝑒𝑙  Electrode time [s] 
𝜏𝑡𝑟  Transit time [s] 
𝜏𝐴  Transit time through the absorption layer [s] 
𝜏𝐶  Transit time through the collection layer [s] 
𝜏𝑅𝐶  RC time [s] 
𝜏𝑟𝑒𝑐  Recombination time [s] 
𝑊𝐴  Absorption layer thickness [cm] 
𝑣𝑡ℎ  Thermionic emission velocity (2.5 × 107 cm/s) [cm/s] 
𝑣𝑂𝑆  Velocity overshoot of the electrons [cm/s] 

𝐽𝜈⃗⃗⃗   carrier current density  [A/cm2] 

𝜇𝜈 carrier mobility  [cm2/(Vs)] 
𝐸𝑔 energy gap  [eV] 

𝐸𝑡𝑟𝑎𝑝  Difference between the defect and intrinsic level [eV] 

𝜒 electron affinity  [eV] 
𝜂 quantum efficiency  
𝜂𝑖𝑛𝑡 internal quantum efficiency  
ℛ responsivity  [A/W] 
𝑣𝑠𝜈⃗⃗ ⃗⃗  ⃗ carrier saturation velocity  [m/s] 
Γ𝑜𝑝𝑡 optical confinement factor  

𝑀  Modulation index  
ℓ𝑂𝐸  Optical and electrical losses  
𝛼𝑜𝑝𝑡 optical power absorption coefficient  [m-1] 

𝛼𝑅𝐹 attenuation coefficient [m-1] 
𝑃𝑜𝑝𝑡  Optical power [W] 

𝑃𝑅𝐹  Microwave power [W] 
𝑃𝑇𝐻𝑧  Terahertz power [W] 
𝑃𝑖𝑛𝑗  Input optical power [W] 

휀𝑒𝑓𝑓 effective permittivity of RF waveguide  

𝑍0 characteristic impedance [] 
𝑐 light speed in free space  [m/s] 



xviii 
 

𝐵𝑣𝑚 velocity mismatch bandwidth [Hz]  
𝐼𝑣𝑚 frequency response due to velocity mismatch  [dB] 
𝐼𝑡𝑟 transit frequency response  [dB] 
𝐼𝑓 total frequency response  [dB] 

𝜃 thermal impedance  [°C mm/W] 
𝜎𝑡 thermal conductivity  [W/(°Cmm)] 
𝑇𝑜𝑝𝑡 duration of the optical pulse  [s] 

𝑅𝑜𝑝𝑡 optical reflection coefficient  

 

Subscript 𝜈 stands for “𝑛” and “𝑝” denoting the respective quantity for 

electrons or holes. 

  


