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Abstract 

Sub-Terahertz Traveling-wave Low-Temperature Grown-GaAs  

P-I-N Photodetector 

by 

Yi-Jen Chiu 

 High-speed photodetectors are very important components for fiber 

communication.  In conventional photodetectors, the bandwidth is limited by the 

carrier transit time across the intrinsic region.  As the transit time decreases by 

thinning intrinsic region, the higher RC roll-off frequency, however, limits the 

device speed.  The inevitable trade-off between RC-circuit and carrier transit time 

limits this kind of photodetector bandwidth.  Although the traveling wave 

photodetector (TWPD) can overcome the RC-imposed limitation by impedance and 

velocity matching, the design of the intrinsic region is restricted by the geometry of 

transmission line.  By using low-temperature grown GaAs (LT-GaAs), the material 

response is dominated by the carrier-trapping instead of carrier-transit time.  The 

design of material limits to bandwidth can thus be independent from the RC-

distributed effects.  In this dissertation, a novel p-i-n photodetector incorporating 

the LT-GaAs and TWPD circuit structure is demonstrated.  The performance is 

found to be enhanced by the taking advantage of LT-GaAs and TWPD structure. 

 A distributed photodetector model is used to optimize and design the 

waveguide structure.  The microwave loss and dispersion, velocity mismatcing, and 

the microwave reflection on waveguide are considered in this model.  An 

equivalent circuit model is used to calculate the properties of microwave 

propagation.  The optimum performance can be achieved at the impedance 

matching, velocity matching and the low loss microwave transmission. 

 x



 An impulse response with 530 fs FWHM is measured by an electro-optic 

sampling technique.  The corresponding –3dB bandwidth is as high as 560GHz.  

The optical power dependent and bias dependent measurement reveals that the 

high-speed performance is mainly attributed to the short carrier trapping time in 

LT-GaAs. 

 Long wavelength (1300nm~1550nm) light can be absorbed in the LT-

GaAs due to the subbandgap defects and As precipitates.  An LT-GaAs waveguide 

photodetector is used to improve the quantum efficiency by increasing the device 

length.  High speed (18GHz bandwidth) with 1% quantum efficiency was 

demonstrated at long wavelength absorption on GaAs-based material.  This opens 

up the possibility for long wavelength communication using AlGaAs material. 
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Chapter 1 

Introduction 

1.1 Background 

 The demand in the speed and capacity of information processing has been 

increasing higher and higher.  Optical fiber communication systems will be 

required to have a high capacity of information transmission.  Therefore, 

optoelectronic devices used in communication systems must keep the pace with this 

requirement or be developed even further.  Various techniques for optical fiber and 

wireless communication links, an example shown in Figure 1.1, have been widely 

used [1~5].  In optical fiber transmission systems, bit rates with Tera-bits/s have 

been demonstrated [6] by using WDM (wavelength division multiplexing) or 

OTDM (optical time division multiplexing) techniques.  The performance of 

optoelectronic devices, like photodetectors, lasers and modulators, are challenged 

by the demands of optical fiber links.  This increases the need for higher bandwidth 

optoelectronic instruments. 

Optical source 
and modulation

Optical network

Photodetectors

Base station Stations

Figure 1.1. The schematic diagram of optical fiber and microwave links  

 High-speed photodetectors are needed in optical fiber communication links.  

As shown in Figure 1.2, photodetectors are capable of transferring the time-

modulated optical power ( ) to the microwave power ( ).  The .).( CAPoptical ..FRP
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transfer function is expressed as Equation 1.1.  Based on the linear operation, the 

input optical power ( ) reveals a quadratic relation to the output 

microwave power ( ). 
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 Typically, there are three aspects for measuring photodetectors, namely (1) 

broad bandwidth  (2) high efficiency and (3) high saturation power.  (1) The broad 

bandwidth photodetectors are capable of responding to high optical modulation 

rates.  (2) A detector with high efficiency ( extη ) can convert a high portion of 

optical power to electrical current.  Due to the limitation of the instrument 

sensitivity, highly efficient photodetectors are necessary.  (3) To get high RF gain, 

increase the signal-to-noise ratio or obtain a large spurious-free dynamic range, 

photodetectors should be operated at high saturation power, i.e. photodetectors can 

sustain a high optical power without distorting the output electrical signal.  

Photodetectors with low efficiency can be pumped with high optical power to get a 

high current. 
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 High-speed photodetectors have been developed in the past few decades.  

Due to the bandgaps, the wavelength dependence of absorption is quite different for 

different materials.  Generally, it can be divided into two kinds of material for high 

speed performance, GaAs for below 870nm light (short wavelength) and InGaAs 

for 1300 nm ~1600 nm light (long wavelength).  Since 1980, the claimed record 

bandwidths of photodetectors are described below.  And Figure 1.3 summarizes the 

bandwidths as a function of years published. 

 In short wavelength regime : In 1983, Wang and Bloom [7], reported the 

first GaAs Schottky photodiode above 100 GHz bandwidth.  By combining the 

GaAs Schottky photodiode and sampler circuits, Li and Ozbay [8], in 1991, 

reported performance with bandwidth higher than 150 GHz.  Using LT-GaAs 

material and a MSM structure, Chen et. al. [9] in 1991 and Chou et. al. [10] in 1992 

reported 375 and 510 GHz bandwidth of photodetectors respectively.  In 1995, 

Giboney et. al. demonstrated a 176 GHz bandwidth photodetector using a traveling 

wave structure.  In 1998, we reported a p-i-n LT-GaAs photodetector with 560GHz 

–3dB bandwidth [12]. 
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Figure 1.3. The recorded -3dB bandwidths of photodetectors since 1983.  
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 In the long wavelength regime : Bowers and Burrus [13] reported an 

InGaAs p-i-n photodetector with a bandwidth above 50 GHz in 1987.  In 1990, 

Wey et al. [14] reported a 16 ps response instrument limited photodiode.  Also, in 

1991, Wey et al. [15] demonstrated the first long wavelength photodetector above 

100 GHz bandwidth, in which the double graded layers were used to improve the 

device speed.  In 1994, Kato et. al. [16] reported a 110 GHz bandwidth of 

mushroom type waveguide photodetector.  Using air-bridge and undercut mesa to 

reduce the RC-time constant, in 1995, Tan et. al. [17] reported a 120 GHz 

bandwidth p-i-n photodetector.  In 1998, Shimizu et. al. [18] used a uni-taveling-

carrier technique to enhance the bandwidth up to 150 GHz. 

 Figure 1.3 historically plots the advance of –3dB bandwidths of recorded 

photodetectors since 1983.  With the general semiconductor materials (GaAs or 

InGaAs), the speed is always limited by the carrier transit time, while the 

photodetector circuit is optimized by either RC-time constant or traveling wave 

structures [11,13,17].  The intrinsic capacitance and transit time should be 

minimized to improve the device speed.  However, the trade-off between the 

carrier-transit time and the intrinsic capactance makes the photodector speed hard 

to overcome 200 GHz.  On the other hand, as shown in figure 1.3, the LT-GaAs 

material photodetectors statistically show 200~300GHz of bandwidth larger than 

the general GaAs (circle) and InGaAs (square) photodetectors.  The success in 

using LT-GaAs is based on the short carrier trapping time (< 1ps) in the material 

itself.  With high carrier recombination rate of the material, the circuit effects on 

photodetectors can be minimized independently from the material response.  

Consequently, with optimal design in circuits, the detectors can be made by carrier 

trapping time limitation [12].  Several high speed photodetectors have been shown 

with bandwidths above 500 GHz or have been demonstrated with THz radiation 

using low-temperature grown GaAs (LT-GaAs) [9,10,12,19].  The one drawback of 

the LT-GaAs photodetector is its relatively low quantum efficiency [10,12,20], 
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because the high portions of carriers are lost by the high carrier-trapping rate.  

However, from the power dependent measurement [21,22], it was found that LT-

GaAs can have higher saturation power over general GaAs, in which the low 

efficiency can be compensated by higher pumping power. 

 By distributing the RC elements and impedance matching to external 

circuits, the edge-couple traveling-wave p-i-n and MSM type photodetectors 

[11,20] overcome the limitation due to the trade-off between speed and efficiency 

in vertical illumination type.  In this dissertation, we optimized the device structure 

by incorporating the LT-GaAs and traveling-wave structure [11,12].  The 

performance of a novel photodetector is demonstrated with a recorded bandwidth 

(560 GHz).  It reveals that LT-GaAs material for the application of above 500 GHz 

bandwidth communication is plausible. 

L

Light

e-

h+
Light

e-

h+

Defects

Carrier transit time limit ~
sv

L
Carrier recombination limit ~ lifetimet

Figure 1.4. The schematic diagram of carrier transit and recombination limits  

1.2 Bandwidth limitation 

1.2.1 Material and circuit effects 

 Theoretically, there are two aspects in determining the high-speed 

performance of photodetectors, namely the material (the conduction current) and 

circuit responses.  Because the photocurrent is generated in the intrinsic region, the 

two main responses can be represented by Equation 1.2 [24]. (the photocurrent 

density  ): rinsicJ int
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∫ ⋅
∂
∂+=

L
conductionrinsic tE

t
tJ

L
tJ ))](()([1)(int ε     (1.2) 

where : intrinsic region thickness.  L ))(( tE
t

ε
∂
∂ is the displacement current.  

 is the photocarriers conduction current which is the material response.  

With the optical impulse excitation, to get a high speed response of , the 

excess photocarriers should be swept out by the strong electric fields built-up in the 

intrinsic region (left of figure 1.4.) or should be removed by the recombination 

centers in the material (right of figure1.4.).  The limitation in the first case is 

dominated by the carrier transit time across the intrinsic region.  The other is by the 

carrier recombination limitation (right of figure1.4.). 

conductionJ

conductionJ

 When the optical power is modulated in time, the charge and discharge 

processes ( ))(( tE
t

ε
∂
∂  on the intrinsic capacitance will involve the photodetector 

response  in equation 1.2).  The intrinsic capacitance combining with the parasitic 

capacitance and inductance of metalization surrounding the photodetectors forms 

the overall circuits.  These circuit effects depend on the geometry of photodetector, 

i.e. the RC time constant or the microwave distributed effects. 

1.2.2 Photodetector structures: 

 Figure 1.5 (top) schematically plots a common vertical-illuminated p-i-n 

photodetector (VP) and the corresponding equivalent circuit.  The incident optical 

power is perpendicular to the detector plan.  Assuming the carrier recombination 

rate is much lower than carrier transit time, the speed limitation due to the material 

response can be given by [13] : 

L
5.0 s

transit
v

f ⋅≈        (1.3) 
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where  is the saturation velocity.  Obviously, the shorter depletion region (L is 

small) can obtain a higher transit limit.  The external quantum efficiency 

sv

extη  of 

this structure is expressed by [13]: 

))exp(1( Lext αη Γ−−∝       (1.4) 

where Γ  is the optical modal confinement factor, α : optical absorption coefficient.  

Γ  can be assumed as one in the vertical-illumination.  Equation 1.4 gives the 

fraction of optical power absorbed in the intrinsic region.  According to equation 

1.3, in the general material (GaAs, InGaAs), the intrinsic region should be less than 

0.3 mµ  to get above 100 GHz (the saturation velocity < ).  

However, less than 30% of light is absorbed in the intrinsic region according to 

Equation 1.4. (  for InGaAs and  for GaAs).   In order to get 

high speed, a photodetector has to be thin, but the efficiency will be reduced since 

sec/107 6 cm×

17.0 −≈ mµα 1−≈α 1 mµ

1<<⋅ Lα .  Due to this trade-off, the bandwidth-efficiency product of VP is limited.  

The limitation is expressed as: 

Lvf sexttransit ⋅⋅≈⋅ 5.0η       (1.5) 

The product is about 40 GHz in GaAs and 30 GHz in InGaAs [13,17,18].  

Although the avalanche photodetector can improve this product by current gain, its 

speed is still limited to 20 GHz by the avalanche built time [27,28]. 

 As shown in Figure 1.5, both p-i-n and MSM vertical-illumination 

photodetectors have similar equivalent circuits.  R is the series resistance including 

the semiconductor’s and the metal’s resistivities.  C is the intrinsic capacitance 

( C L/A⋅= ε  in p-i-n structure and C S/A⋅⋅= εa , ε  is the dielectric constant of 

intrinsic region, A is the device area, S is the electrode separation of MSM, a is 

some constant related to the electrode width and separation in MSM).  The 

corresponding RC-lump limitation is : 
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Figure 1.5. The schematic plots of top-illumination photodetectors ( p-i-n and MSM )
 and the equivalent circuit model

Ci
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L
RC2

1 ∝
⋅

=
πRCf   (or S in MSM )      (1.6) 

Compared to equation 1.3, the RC-lump limitation inevitably trades-off with the 

transit limit in the vertical-illumination type. 

 The waveguide photodetector (WGPD) structure is designed to improve 

the bandwidth-efficiency product.  Figure 1.6 plots the schematic diagram of 

waveguide structures in p-i-n or MSM.  The optical waveguide is formed by the 

absorption material, which is surrounded by the low refractive index and 

transparent cladding layers.  As shown in Figure1.6, the edge-coupled optical 

power is absorbed either in the peak of the optical guiding mode (p-i-n) or the tailor 

of mode (MSM).  Since the direction of optical wave transmission is perpendicular 

to the carrier transit, the efficiency (Equation 1.4) and the transit limit ( Equation 

1.3 ) can be determined separately.  So, the bandwidth-efficiency product can be 

improved.  The p-i-n and MSM waveguide photodetectors [11,16,29] have 

achieved high bandwidth and have overcome the limitation of the bandwidth-

efficiency product in the vertical-illumination type (30 GHz for InGaAs, 40 GHz 

for GaAs). 
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Figure 1.6.  The schematic plots of  p-i-n (left) and MSM (right) 
                  waveguide photodetectors (WGPD) 
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 As for the electrical waves generated in WGPD, Figure 1.7 plots the 

schematic diagram.  Optical wave propagates through the p-i-n structure and 

excites the distributed photocurrent along the waveguide, over which the electrical 

wave transmits.  Therefore the optical and electrical waves interact along the 

transmission line.  The characteristic impedance in the WGPD structure is 

generally not matched to the output load circuits.  The resultant microwave signal 

is formed by the high multi-reflections on the both ends of the waveguide, so that 

the RC-lump effects influence the total response.  Consequently, the speed of 

WGPD depends on the sizes of photodetectors. 

Figure 1.7. The schematic plots of distributed microwave generated by optical 
                  wave in waveguide photodetectors (WGPD). 
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Figure 1.8 . The schematic plot of traveling wave photodetector. The transmission
                    line is designed to match to output circuit.

Zl

Transmission line , Zo=Zl

Optical pulse

Electrical pulse

 

 The traveling–wave photodetector (TWPD) structure is a fully distributed 

type, which is designed to optimize the waveguide photodetectors.  By distributing 

the RC elements on the transmission line and matching characteristic impedance to 

the loaded circuits, there are no reflection waves feeding back to the output load 

circuit to slow the output signal, thus the RC-lump element can be eliminated.  

Furthermore, by matching the electrical velocity on the transmission line to the 

optical velocity, the pulse broadening due to walk-off problems is avoided.  In 

principle, without considering the material response and loss in the transmission 

line, the electrical pulses from the TWPD will resemble the optical pulse, and 

hence the electrical bandwidth can be made as high as possible.  In the practical 

view, however, the ideal TWPD can not be made due to the inherent dispersion and 

loss in microwave transmission line, i.e. the impedance and velocity mismatching 

depends on the frequency.  In contrast to the RC limitation, to design a high speed 

TWPD, the effects of the microwave transmission line and the optical absorption 

coefficient need to be optimized (chapter 2 and chapter 3). 

 Historically, the TWPD concept was proposed in 1990 [30], in which the 

phase matching between the optical and electrical waves was mentioned.  In [31], a 

velocity match structure is made by the p-i-n slow waveguide, and also a 

transmission line model for distributed photodetectors is used.  Unfortunately, the 

experiment didn’t fit the theory and the measured bandwidth is only 4.8 GHz, 
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which is quite slower than other types of photodetectors.  Bottcher et al. [32,33] 

proposed the distributed theory and the fabrication of the interdigital-MSM slow 

wave waveguide to analyze the distributed traveling wave photodetector.  However, 

only 78 GHz bandwidth was obtained [29]. 

 In 1994 at UCSB, Giboney et. al. [11] demonstrated the first traveling 

wave photodetector with an approximately 174 GHz bandwidth and a 76 GHz 

bandwidth-efficient product.  The speed is limited by the carrier transit limitation, 

and bandwidth-efficiency product significantly overcames the limitation (40 GHz, 

equation 1.5).  In this device, the carrier transit limitation ( , L: intrinsic 

region thickness) is still related to other parameters influencing the bandwidth 

performance, such as the intrinsic capacitance.  The speed is still hard to overcome 

200 GHz. 

L/1∝

 The advantage of LT-GaAs is the high carrier-trapping rate.  Using this 

carrier trapping time limited material, the design of bandwidth due to the intrinsic 

region thickness (carrier transit effect, L) can be separated.  At UCSB, we designed 

a novel type p-i-n LT-GaAs TWPD.  Compared to the GaAs TWPD, the speed is 

enhanced by about 3 times.  The distributed photodetectors model in the frequency 

domain is used to realize the LT-GaAs TWPD performance.  It has been found that 

the bandwidth limitation is due to short carrier trapping time in the LT-GaAs.  

Furthermore, the power-dependent measurement reveals that LT-GaAs has a higher 

saturation power, in which the photocurrent can be compensated by the higher 

optical power without sacrificing bandwidth performance. The experimental results 

show that the performance of LT-GaAs TWPD is enhanced by taking advantage of 

both the short carrier lifetime and the TWPD structure.  On the other hand, due to 

the midgap defects and As-precipitates, LT-GaAs is capable to absorb the long 

wavelength light (1.3~1.6 mµ ).  The first high-speed 1.55 mµ  LT-GaAs 

photodetector is then fabricated.  The measured bandwidth (about 18 GHz) and 

considerably high efficiency (~1%) shows that this kind of detectors has opened a 
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possibility for the application of long wavelength communication on GaAs-based 

material. 

1.3 Organization of the Dissertation 

 This dissertation covers the theory of device design, the fabrication of 

traveling-wave photodetectors and analysis of EO-sampling results and long-

wavelength absorption. 

 Chapter one provides the motivation and background of this work.  

Comparing the speed and efficiency of other structures of photodetectors, the 

concept of LT-GaAs traveling wave photodetector is thus followed. 

 Chapter two gives the theory of the traveling wave photodetector.  A 

distributed photodetector model (in frequency domain) is used to analyze the 

response.  The electrical wave characteristics are extracted from the equivalent 

circuit model of the transmission line.  The total response includes the velocity 

mismatch, lossy transmission line effects and the reflection on the boundaries. 

 Chapter three presents the design and fabrication of the TWPD.  By the 

practical view in the processing and measurement, the geometry of the TWPD 

(waveguide width, length and depletion thickness) is optimized for the design.  The 

electro-optic sampling (EO) measurement and the fabrication process are also 

explained. 

 Chapter four gives the measurement results.  First, the D.C. measurement 

and network analyzer are used to characterize a p-i-n waveguide.  The loss and 

dispersion properties of the waveguide are addressed.  Second, the impulse 

response is measured and characterized by EO-sampling techniques on  

crystal.  The transmission line properties are extracted by two different lengths of 

devices and agree with the theoretic prediction.  In contrast to general 

photodetectors, the bias and power dependent measurement exhibits a different 

behavior.  All the EO-sampling (power and bias dependent measurement) results 

3LiTaO
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indicate that the high speed is attributed to the high carrier recombination rate in 

LT-GaAs. 

 Chapter five presents the measurement on the long wavelength regime.  

LT-GaAs can absorb 1.55 mµ  light due to the midgap defects and As-precipitates.  

The D.C. photocurrent on different lengths of devices are measured to obtain 

optical absorption length.  A high-speed (above 20 GHz) measurement by an 

optical component analyzer is obtained.  Owing to low absorption coefficient, the 

frequency response shows a linear dependence on input optical power level (high 

unsaturated properties).  To increase quantum efficiency, a n-i-n structure is also 

proposed. 
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Chapter 2  

Theory and Model of Distributed Photocurrent 

 The traveling wave photodetector (TWPD) is one kind of waveguide 

photodetector (WGPD) (Figure 2.1).  Light is edge coupled into the optical 

waveguide.  The electrical wave is generated by the distributive point sources.  The 

optical wave and the generated electrical wave travel in the same direction.  The 

bandwidth is determined by the interaction of optical and electrical waves along the 

propagation line and the intrinsic region response.  With suitable design (TWPD) in 

the structure, the speed can be optimized.  For the fastest traveling wave 

photodetectors, the velocities of the optical wave should match the electrical wave 

such that there are no walk-off problems.  And also, the matching of microwave 

impedance to the load circuit is needed to overcome the reflection from the load, 

which mainly causes the RC lump element limitation.  Ideally, the TWPD 

bandwidth limitation can be made as high as possible.  However, waveguide 

photodetectors generally are not TWPD since the electrical wave is slower than the 

optical wave.  Generally, the waveguide always suffers microwave loss and 

dispersion from non-ideal metalization and the doping material, such that the 

bandwidth will dramatically drop down once waveguide length is increased.  

Therefore, if the optical and electrical waves interact in the coherent distance such 

that bandwidth is not degraded by velocity mismatch, the photodetectors are 

defined as TWPDs. 

2.1 Model to calculate the bandwidth limitation 

 To realize the bandwidth performance of a TWPD [1,2], fully distributed 

photocurrents are modeled to describe the device response.  Figure 2.2 shows the 

schematic diagram of the material and the device.  The model assumes that the 
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optical waveguide is made of a p-i-n AlGaAs heterostructure.  The active region is 

low-temperature grown GaAs (LT-GaAs) or GaAs.  The thickness is on the order 

of 100 nm.  In order to obtain a short carrier lifetime, we use LT-GaAs [3,4] with 

an effective carrier trapping time on the order of one picosecond to subpiccosecond 

[5,6].  This length and the properties of the intrinsic material determine the current 

source response.  In the theory of distributive effects, the total current is collected 

from the small current point sources, and this point element is based on the p-i-n 

structure.  All the devices discussed in this dissertation are based on this structure. 

Intrinsic region

N- doped layers

P- doped layers

Metal contact

Metal contact

Light in Microwave

Light

Transmission line

Photodetector

Figure 2.1. Waveguide photodetectors are formed by the distributed photodiodes  

Optical refractive index 

X (depth) X (depth)

Energy band diagram

Figure 2.2.  The p-i-n heterostructure supports the optical waveguide
                   guiding also the selective optical absorption region

e-h+

P-AlxGa1-xAs

Intrinsic GaAs

n-AlxGa1-xAs

Air

 

The p-i-n structure is also used as a microwave transmission line [7,8], 

which combines the metal-insulator-semiconductor (MIS) and coplanar waveguide 
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(CPW) structures.  In this transmission line structure, the equivalent circuit model 

is adopted to simplify the calculation of the frequency response. 

p
i
n

Figure2.3. The hybrid coplanar waveguide is equivalently composed 
                 by the CPW line and microstrip lines

CPW lines

+
P-layers

n-layers

Intrinsic

 

2.1.1. Equivalent circuit model: 

 After the optical pulse travels through the detectors, a series of distributed 

photocharges will be generated along the transmission line.  The photocharge is 

accelerated by the field in the intrinsic region and forms the distributive current 

pulses.  By the effects of the transmission line, these current pulses will be the 

source of the microwave signal, which travels and is collected in the output.  The 

propagation properties of transmission lines will affect the collected microwave 

signal.  The pulse will be broadened due to the loss and dispersion and the 

reflection effects by the impedance mismatch between the line and output load 

circuits.  A good TWPD should have good transmission characteristics, i.e. low 

loss and dispersion.  The analysis and calculation to investigate the microwave 

transmission line are based on the p-i-n structure, as shown in figure 2.3.  Basically, 

a coplanar-TWPD is formed by one intrinsic semiconductor layer sandwiched by 

two doped conductive layers (n or p doping).  The CPW gold layers connect the n- 

and p- doped conductive layers to convey the microwave signal.  In such kind of 

line, the transverse field of microwave signal is much larger than the longitudinal 

field due to the boundary conditions.  The microwave can thus be approximately 

transverse-electromagnetic (TEM) mode or quasi-TEM [8,9].  In references [2,10], 

the full wave analysis is compared with the equivalent circuit model and it is found 
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that the transmission line properties can be accurately approximated by the 

equivalent circuit model up to sub-THz and THz regime.  The simpler equivalent 

circuit model is used to analyze transmission line effects. 

e-
h+

Figure2.4, Current flow in the hybrid CPW line

Current flow

:  metal contact

 

To begin with an equivalent circuit model, the physical elements of the 

coplanar TWPD should be defined to extract the corresponding circuit.  As shown 

in Figure 2.3, it includes CPW metal plates, which includes two ground pads and 

one center signal pad.  The difference between coplanar TWPD and CPW is that 

the metal pads are contacted with high doping semiconductor material (n- or p- 

doped) to connect to the intrinsic region (i-layer). The micro-strip (MS) and the 

CPW line metalization structures are then combined.  This kind of hybrid 

waveguide structure has advantages: due to the coplanar CPW structure, it has high 

bandwidth performance and the capability to be compatible with general CPW lines 

for transmitting signal and connecting other microwave devices, such as, electrical 

amplifiers, and electronic circuits.  Since all the metalization is coplanar, the 

processing is easy to make by general semiconductor fabrication.  The series 

resistance in the material can be engineered by the growth of n- or p- type layers. 
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Figure 2.5, the corresponding equivalent circuit of Figure 2.4  

The device dimensions and the material properties are used to accurately 

calculate the transmission line propagation.  As shown in Figure 2.4 (cross section 

of device), the intrinsic region (i-layer) is the main capacitance contributed to the 

circuit and also it is the region that generated the photocurrent.  In the transmission 

line, it is convenient to define the unit of circuit as the quantities per unit length.  

The intrinsic capacitance C  is the capacitance per unit length, which is in 

proportion to the waveguide width  times the intrinsic permitivity of the i-layer 

(here is the LT-GaAs material) and divided by the i-layer thickness .  There are 

two aspects relating the device performance to the capacitance. 

i

w

id

First: it is the place where the carriers are generated.  The photocurrent is 

dependent on the velocity and the applied voltage, and also the loss of carriers 

during the transit across the active region (i-layer).  So, the bandwidth limitation 

and the quantum efficiency of the photodetector are partially determined by the 

intrinsic material properties.  For example, high quality material will have high 

mobility and low recombination rate by an imperfect center.  Or, the high 

recombination rate in the material easily causes the high-speed response of the 

photocurrent.  The current can be expressed by the form of current source in the 

circuit (Figure 2.5) and separately defined by the material properties. 

Second : the capacitance C  correlating the inductance  determines the 

propagation properties of the transmission line, for example, the characteristic 

i mL
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impedance and the propagation constant.  Generally, in the TWPD structure, a 

large capacitance ( ) results in a slow microwave transmission, which will walk 

off the optical signal and then broaden the photodetector impulse response.  On the 

other hand, high quantum efficiency requires a thin active region to reduce the 

carrier transit time to obtain a high ration of carrier lifetime to carrier transit time 

[14].  As discussed in Chapter 1, the high capacitance (from the thin active region) 

will inevitably limit the RC-lump response in the perpendicular illumination 

structure, or, the walk–off factor will decrease the device bandwidth in the 

waveguide structure.  Therefore, in the designing the device structure, the 

capacitance should be optimized. 

iC

The microwave travels through the transmission line by the interaction of 

electrical and magnetic fields.  The electrical field is mainly controlled by the 

capacitance.  The magnetic field can be represented by the inductance .  When 

the current is driven on the metal plates (usually gold metal), it generates the 

magnetic field surrounding the metal plates.  In the simple case of the parallel plate 

transmission line, the inductance can be expressed by 

mL

w
DLm µ= , where  is the 

distance between two plates,  is the width of plates and 

D

w µ  is the permeability of 

the material. 

In the coplanar TWPD structure, however, the geometry of metal plates are 

quite different from the parallel, the calculation of inductance is thus more 

complicated.  But, in the first order of approximation, the inductance  is in 

proportion to the value of 

mL

w
D .  Because the AlGaAs material is not a magnetic 

material, the inductance  is equal to that of a CPW line of the same size.  This 

value can be calculated from the reference [11] or softwave like LineCalc [12]. 

mL
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The series resistance  and  is the resistance for conduction current 

flowing through the top and bottom semiconductor layers (n- or p- doped region) 

and the contact resistance of metal and semiconductor.  In this circuit model, the 

frequency of interest is ranged up to several hundred GHz.  The series resistance of 

the contact and the doping semiconductor layers should be modified by the 

displacement current in high frequency, this means that the resistance is frequency 

dependent.  So, the imaginary part of 

tZ bZ

Y is not only determined by the intrinsic 

capacitance.  All the displacement current will contribute to the loss and dispersion 

of transmission. 

The  part is coming from the finite conductivity of metal plate.  Once 

the longitudinal time-varying current flows through the metalization, it builds up 

not only the magnetical fields that result in the inductance  and the ohmic loss, 

but also the skin effects in the metal.  The effective cross area of current flows due 

to the skin effects can be expressed as in proportion to skin depth 

(

mtZ

mL

mm σδ 2/1= fµπ 0 , : the microwave frequency, f 0µ : the magnetic permitivity 

and mσ : the conductivity of metal).  As the frequency is higher, the transmission 

line gets more resistance and larger inductance due to the metal skin effects.  

Therefore the loss and dispersion will change the electrical pulse transmission on 

the line.  At the low frequency regime, the finite thickness  of metal is much 

smaller than the skin depth (

md

mδ ), so the impedance is limited by the metal itself 

(approaching to mdmσ/1 ).  In the reverse way, at high frequency regime, 

mmd /1>> σωµ0 , the impedance will be terminated by mσ/jωµ0  [7,13]. 

 The longitudinal conductance G  represents the longitudinal conductance 

current flowing through semiconductor layers due to the small amount of 

longitudinal electrical field ( ). 

s

zE
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All the parameters used in calculating the propagation impedance are listed 

in Table 2.1. 

Table 2.1 

i
ii d

wC ⋅= ε  

=L  The inductance of CPW line [11,12] 

)
62

)(
1

1()
1

1(
sbsb

gsb

sbsb

stst

stst
y d

w
d
w

jw
d

j
Z +

+
+

+
=

ρ
εωρ

ρ
εωρ

 

])1coth[(/ 00 mmms djjZ σωµσωµ ⋅⋅+⋅=  

stst

stcm
s j

dw
G

εωρ
σ

+
⋅

⋅=
13

 

Figure 2.6. The generalized equivalent circuit model
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To sum up the total circuit characteristics, it is helpful to use a generalized 

configuration, as shown in Figure 2.6, to calculate the current and the voltage 

distribution along the transmission line.  Assuming the passive waveguide (without 

considering the current source), the generalized equation can be expressed as: 

dzZzIzVdzzV
dzYzVzIdzzI
⋅⋅≈−+
⋅⋅≈−+
)(),()(),(
)(),()(),(

ωωω
ωωω

 ⇒
→0dz
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dV

YV
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dI

⋅−=

⋅−=
⇒

I
dz

Id

V
dz

Vd

⋅=

⋅=

2
2

2

2
2

2

γ

γ
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where mm jβαγ += , mα : microwave field attenuation constant, mβ : microwave 

propagation constant.  The microwave loss can be directly calculated by 

)log( lm ⋅20 ⋅− α  (unit dB) and the microwave phase velocity is mmv βωω /) =

ze ⋅⋅ γ

(

A−

.  

The solutions of wave equation (1) are in the forms of , where 

 and  represent the forward and backward wave amplitudes.  The wave 

amplitudes depend on the boundary conditions and the distributed current sources.  

The relation between voltage and current can be calculated by characteristic 

impedance 

zeA ⋅−+ +⋅ γ

+A −A

YZ /Z 0 = . 

 In the calculation, the dimensions and materials of device are set as 

reasonable conditions of the AlGaAs p-i-n diode.  It assumes 1 µm width and 2 µm 

gap of CPW metalization, the intrinsic layer is 100 nm of GaAs, and the cladding 

layers are n- and p- doped of Al 0.2Ga0.8As.  Figure 2.7 shows the microwave index 

(dispersion effects) and field attenuation coefficient of the transmission line.  

Figure 2.8 plots the impedance of real, imaginary and absolute part of impedance.  

The ideal transmission line in Figures 2.7 and 2.8 is calculated by the equations: 

im LCv /1=  

iCLZ /0 =          (2) 
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 As shown in the plots, in the frequency region of 10 GHz ~1000 GHz, the 

lossy transmission line approaches the ideal case quite well.  This is because as in 

the middle frequency (10 GHz ~1000 GHz in this case), the conditions of 

GsL >>ω , ZmtL >>ω  and bti ZZC +<< /1ω  are satisfied so that the dispersion 

due to metal skin effects and resistive material can be neglected.  In Al 0.2Ga0.8As 
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material (doped with ), the resistivity 318105 −× cm sρ  is around 70 mµ⋅Ω .  The 

corresponding iC/ ω1  is in the order of 10 ,  is 10 , 1−3 )(− ⋅Ω m sZ 1)−m4 (− ⋅Ω L⋅ω  is 

, and  is 10 .  At this point, the performance of ideal 

transmission (equation (1)) can approximately describe the microwave velocity and 

the characteristic impedance.  However, regarding the microwave loss, as shown in 

Figure 2.7, it is monotonously increasing from low to high frequency.  For 

example, from 500 GHz to 1 THz, the field attenuation is around 0.01 , this 

means that after 50 

16 )(10 −⋅Ω m mt
5 ( ⋅Ω

m

Z 1)−m

1−mµ

µ  of propagation, the electrical signal will get about –10 dB 

loss, which almost terminates the bandwidth performance.  In the design of TWPD 

structure, the microwave loss effects need to be considered. 

mtZL <<ω 1stLGω bZ/1<<iCω

j+(⋅ 1ω

)j( −1/ ⋅ω

0→ω

ωρε

 In the low frequency regime ( , << , ), the 

skin effects and the impedance of metalization inductance can be neglected.  The 

term Z (Figure2.6) is thus determined by the finite resistivity of metalization.  The 

intrinsic capacitance impedance is much larger than bulk AlGaAs resistance.  

Therefore, the transmission line is like a periodic RC circuit, where the R is mainly 

contributed by the metalization, C is mainly from the intrinsic region.  In this case, 

the propagation constant is in proportion to )  and the characteristic 

impedance is 1 .  The corresponding microwave phase velocity will 

diverge as  and also the impedance.  These low frequency behaviors can be 

seen in Figures 2.7 and 2.8.  The increase of microwave index and impedance as at 

the low frequency were also observed in the experiment (Chapter 4). 

 At high frequency regime ( 1>> , generally > THz), the semiconductor 

turns out to be capacitance-like behavior rather than resistivity, due to the material 

relaxation.  The overall capacitance of transmission line is the series connection of 

material capacitance and the intrinsic capacitance.  The inductance is dominated by 
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the metal impedance (skin effects) at the frequency.  So, the microwave phase 

velocity and characteristic impedance are not low. 

2.1.2 Bandwidth limitation of material response 

 The distributed nature of the TWPD is modeled as a series of 

photodetectors.  The photocurrent is generated by optical excitation charges.  The 

photocharges are then drifted by the electric field in the intrinsic region to form the 

photocurrent.  While in the high electric field, the diffusion current can be 

neglected.  So, generally, the current can be expressed by the amount of 

photocharge times the velocity.  As mentioned in Chapter 1, to make a high speed 

photodetector, the key point is how fast these excess photocharges can be removed 

after the optical pulse.  Typically, without considering the RC circuit effects, there 

are two ways to do this: (1) Making a short intrinsic region or getting high carrier 

mobility material to sweep out the photocharge in the short transit time.  This is the 

transit time limitation.  (2) Using a specific intrinsic material to trap the 

photogenerated electron and hole in a short period.  This is the recombination 

limitation.  The material properties decide which way the detector will be.  In the 

distributed structure, the speeds of the small photodiodes (shown in Figure 2.1) 

give the material response.  The thin intrinsic region or high carrier velocity has a 

short transit time.  In this case, designing the geometric structures of intrinsic 

region, selecting material or material growth is important to achieve high speed 

material response.  By the alternative way, for example, the LT-GaAs material has 

a short carrier lifetime and can be used to reach high-speed performance. 

In the point view of a circuit, it can be assumed that the p-i-n photodiode is 

an ideal current source parallel connected with capacitance.  To probe the speed of 

p-i-n detector, it is usual to use an δ-function of pumping optical power.  The 

frequency response of optical signal is flat over the frequency of interest.  

Therefore, it can precisely detect the photodetector bandwidth.  In the response of 
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detector, let us suppose the detector is operated in linear regime (i.e. without 

power-dependent response, field screening effects).  The decay rate of carrier 

concentration after a sharp optical pulse can be described as a simple exponential 

decay form i.e. 

)exp()( 0
decayt
tItI −⋅=       (3)  

As mentioned above, the removal of photocharge from an active region is based on 

two mechanisms.  The decay rates can be expressed by carrier transit time  

and carrier lifetime t .  After combining these effects in the response of 

photodetectors, the current source can be expressed as: 

transitt

lifetime

)exp()exp()exp()(
eff

so
lifetimetransit

sost t
tI

t
t

t
tItI −⋅=−⋅−⋅=  if ≥t  0

              if 0<t  (4) 0=

, where t  are the carrier transit time across the intrinsic layer and the 

carrier lifetime.  

lifetimetransit t,

lifetimetransiteff tt
111 +=

t

lifetimet

, : the carrier effective lifetime.  If 

, the speed is dominated by recombination limitation; reversibly, by 

transit limitation. 

efft

transitt >>

 

 

 

In the frequency domain ( by Fourier transform), equation(4) becomes: 

eff
sf tj

AI
⋅+

=
ω

ω
1

)(         (5) 
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where ω  is the microwave frequency,  is a constant proportion to the D.C. 

photocurrent response, which depends on on the pumping power level, optical 

wavelength and the ratio of 

A

transit

lifetime

t
t

 [14]. 

2.1.3 Model for distributive photocurrent 

 After generating the electrical pulse by optical impulse pumping in the local 

material, the total response of the photodetetor composes all signals excited by the 

small current sources distributed along the waveguide.  Figure 2.9 shows the 

schematic diagram how the distributive current is generated and propagated.  When 

the electrical signal is collected in the load circuit, there are several factors 

affecting the impulse response of TWPD : (1) the velocity mismatch between 

optical and electrical waves, (2) the loss and dispersion of the microwave 

transmission line, (3) the reflection at the input end of the optical waveguide, (4) 

the output reflection at the load circuit causing the impedance mismatching of 

TWPD and load circuit, (5) the intrinsic material response (section 2.1.2), the 

carrier recombination and the carrier transit across the active region.  In designing 

or calculating the pulse response, all these factors should be considered. 
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Figure 2.9, The schematic plot how the distributed photocurrent generated  
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Consider that the input optical impulse comes from the left side and is 

absorbed to generate the photocurrent along the transmission line.  So, the optical 

pulse train can be described as: 

)(),( tvze
P

txP o
z

o

o
o

o ⋅−⋅⋅= − δ
α

α       (6) 

 where  : the total input power ; oP oα  : optical absorption coefficient ; : the 

propagation direction, 

z

o

o
o n

c
=v  : the optical group velocity, n  :optical index.  The 

optical input is assumed to be modulated by two different frequencies of laser 

beams, so the optical group velocity and index is used to describe the optical wave.  

After applying the Fourier transform, Equation (6) becomes: 

o

)exp(),(
o

o
oo

o
o v

zjz
v

P
zP ⋅−⋅−⋅

⋅
= ωα

α
ω      (7) 

 31



In Equation (7), it is presumed that the optical dispersion effect is neglected in the 

microwave frequency region (D.C. to several THz). 

 To convert the optical pulse to electrical pulse, we suppose the optical pulse 

travels through one point A (position ), as shown in Figure 2.9.  And, the amount 

of optical power density 

z

dz
tzdPo ),(

 is absorbed in this point (which is in proportion 

to )exp( zo ⋅−α ).  The time reference is set at optic input point (z = 0).  The 

photoexcited electrical signal of this point A will experience a phase shift of 

0v
zω−  (in time domain, it is a time delay of 

0v
z ).  By the material properties of the 

intrinsic region, the electrical pulse will be in exponential decay, as described by 

Equation (5).  Because the electrical pulse is excited in the microwave transmission 

line, it will travel in two opposite directions (noted by forward and backward 

waves) but with the same amplitude.  If describing in the time domain, these two 

pulses will experience different time delays with respect to the optical pulse train 

(the walk-off problem) and also different electrical loss and dispersion, which will 

further broaden the pulses.  It is complicated to do the analysis in time domain.  

Here, for convenience of calculation, the model is followed by the frequency 

domain.  In the frequency domain, the backward and forward waves will 

experience different loss and phase shifts with respect to the optical phase: 

Forward current: ))()(exp())(exp()(),( zlzIzI mosfff −⋅−⋅⋅−⋅= ωγωγωω  (8) 

Backward current: ))()(exp())(exp()(),( lzzIzI mosfbf +⋅−⋅⋅−⋅= ωγωγωω  (9) 

, where , 
o

oo v
zj ⋅⋅+= ωαγ  : optical complex propagation constant. mγ  : 

microwave complex propagation constant,   : the device length.  The notation of 

first subscript,  is the forward wave; b  is the backward wave.  And the second 

l

f
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subscript,  is the frequency domain and t  is the time domain.  The microwave 

response in the optical input is assumed to be an open circuit. 

f

(

oγ
−

ffI

bf )
−1

b

)1+

 After calculating the response of a specific distributive photodetector at the 

receiving end, the total current is just the integral of the Equations (8) and (9) with 

respect to z over .  If the load impedance is matched to the transmission 

line, the total response will be : 

lz ~0=
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To consider the case when the line is not matched to the load circuit, the total 

response should be taken into account about the multiple reflections on the device.  

The response is:  

dzII
lj

I
l

ff
mb

b
f ⋅+⋅

⋅⋅Γ
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)exp()(
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where the 
ol

ol

ZZ
ZZ

+
−

=)(ω

lZ

Γ is the reflection coefficiency of transmission line Z  to 

load impedance , and 

o

ol

l
b ZZ

Z
+

=Τ
2

)(ω is the transmission coefficient to the load 

circuit. 

 If the photodetector is a conventional vertical-illumination photodetector, as 

shown in Figure 2.10, the device is RC-time limited.  From the equivalent circuit 

2.10, the total frequency performance is the combination of the material properties 

and also the RC circuit.  The response will be [15]: 

)(1()(
)(

CZRjtj
AI

lseff
f ⋅+⋅+⋅⋅

=
ωω

ω    (12) 
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where the  is the series resistance of p-i-n photodiode. sR
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N
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Zl
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Figure 2.10, the schematic plot of top-illumination photodiode and
                    the equivalent circuit model  

 The total frequency response of distributed photocurrent is given in 

Equations (10) and (11).  A WGPD structure composes of highly position 

dependent photodetectors.  The total response is composed of small photodetectors’ 

current and the multiple reflections in the output load circuit ( the term D of 

equation (11)).  If high impedance mismatch (high reflection at the load, the term 

D), the entire area of waveguide will participate the total response.  The speed of 

WGPD is better represented by the lump-element (Equation (12)). 

The distributive model (Equation (10) and (11)) and RC lump model 

(Equation (12)) have the same term of material response (the term with t ).  The 

difference is only in the distributed effects.  Equations (10),(11) show that the 

performance of photodetectors depends on the factors of 

eff

mo γγ −  and mγ+oγ , 

which includes the velocity, the microwave loss and dispersion effects, and the 

reflection in the input (the term C ).  Does the TWPD have the advantages over the 

conventional RC lump type (or WGPD)?  What is the bandwidth limitation of the 

p-i-n TWPD ?  What are the factors dominating the speed? To determine the 

performance of TWPD, more calculations are needed. 
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 To begin the calculation, let’s define the device structure.  As shown in 

Figure 2.3, the device dimensions and material properties are listed below: 

Waveguide width mwc µ1= , CPW line gap mwg µ2= , waveguide length 

ml µ100=

dd sbst

.  N-type and p-type cladding layers (AlGaAs) are assumed 

mµ7.0==  and with )( m50s µρ ⋅Ω= .  The active region is nm.  

The microwave reflection in the optical input end is set as

100=id

1=γ  (open circuit) or 

0=γ  (loaded circuit). 

 A reasonable value of modal optical absorption coefficient 

 is used in the calculation.  In this parameter, it is assumed that 

the modal confinement factor is constant for different waveguide structures.  For 

convenience of analysis, it’s better to keep it constant, although it changes while 

the active thickness or the waveguide width varies.  The influence of that, in this 

case, will be discussed in the design of waveguide structure (Chapter 3).  The 

optical propagation constant is given by 

111.0 −×=Γ mo µα

0/ cnoo ⋅= ωβ , with optical group 

velocity .  As mentioned, the dispersion effect of the optical wave can be 

neglected over the microwave frequency.  So, the value of  is kept as constant. 

45.3=on

on

(a) Ideal microwave transmission line response: 

 First of all, it is instructive to know how the velocity mismatch influences 

the device speed.  To extract the mismatch problem, it is more helpful and 

convenient to neglect other effects.  Let us assume an ideal p-i-n microwave 

waveguide is made.  In the ideal transmission line, there will be no loss and 

dispersion for the microwave propagation.  The microwave velocities 

( im LCv /1= ) and transmission line impedance ( iCLZ /0 = ) are the inductance 

of CPW line and intrinsic capacitance dependent only, so Equation (2) is enough to 

describe the microwave transmission.  

 35



 Consider a lossless transmission line matching to output circuit (no 

reflection), the length of line is long enough ( 1>>⋅Γ Loα ) so that the optical 

power is completely converted to electrical signal, and no material response is 

involved (set ).  From Equation (10), the output microwave signal becomes: 0=efft

)
)//(

1
)//(

1()/exp()(
moomoo

mf vvjvvj
lvjAI

ωωαωωα
ωω

++
+

−+
⋅⋅−⋅=         (12) 

        A   B 

The term A is from the forward wave and B the backward wave (figure 2.9).  It is 

simpler to look at the wave propagation in time.  After the inverse Fourier 

transform of Equation (12), the response gives : 
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where is the unit step function.  )(tu
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Figure 2.11. The ideal TWPD performance.  The reflection in  the 
optical input end is set as 1.  The leading portion is the forward 
wave, and the tailor portion is from the backward wave.
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 From the device dimension, the inductance is .  It turns out 

that the microwave index is 6.4, which is larger than the optical index, ( v  is 

smaller than ).  Figure 2.11 shows the output signal calculated from Equation 

(13).  Basically, it composes two back to back exponential curves, which are the 

duplicates of optical pulse absorption but with different pulse broadening (walk 

off).  The leading curve is coming from forward wave and the other one is the 

backward.  Figure 2.12 depicts the schematic diagram how the distributive current 

mHL /104 7−⋅=

m

ov
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is collected at the output circuit.  To figure out the electric pulse width, it is a good 

way to choose the  drop as a figure of merit.  Let’s take a forward wave as an 

example.  As shown in Figure 2.12, when the optical pulse inputs the waveguide, 

the peak distributive current happens in the optical input (point a).  This small 

electrical pulse will spend the time of 

1−e

mv
l

z

 to the collected end.  And the successive 

electric pulses will be generated after that.  The point of  drop occurs when the 

optical pulse travels to the position 

1−e

oαΓ=1/  , where the optical light has been 

absorbed to e  of input.  The small photocurrent excited at that point needs the 

time of 

1−

m

o

v
)/(/

o

o

v
l 11 αα Γ−

+
Γ

 to arrive at the collected circuit (point b).  Finally, 

the total accumulating signal pulse will expand to a pulse width of 

o
mo vv

⋅− 1)11( αΓ/ .  The only way to optimize the speed is to match the optical and 

the excited electrical waves ( ) such that coherent optical-electrical 

interaction occurs (arriving at the collected point on the same time).  Theoretically, 

the bandwidth of forward wave due to the matching design ( ) in the 

distributed circuit is unlimited.  This is the ideal approach of TWPD.  As for the 

backward wave, the same analysis can be done.  Suppose the optical input is an 

open circuit, the reflection is 

mv=

1

ov

=

mo vv =

γ .  Due to the walk off problem, the pulse 

broadening by the reflection becomes oαΓ⋅ /1)
mo vv

+ 11(  (point c).  The speed of 

backward wave can be enhanced by increasing the microwave velocity 

monotonously and be saturated by the optical velocity. 
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 To check the velocity mismatch effects, Figure 2.13 shows the pulse 

response at a different velocity mismatch factor ( v ) which is defined as the 

relative velocity of microwave to optical wave.  Here, the optical velocity is kept 

constant and the microwave velocity varies.  The time reference point is set as in 

the optical input.  Therefore, as shown in Figure 2.13, the time for receiving the 

signal is earlier as the microwave velocity increases.  There are two cases in the 

forward wave transmission.  If  v  (the bottom two curves), the leading and 

trailing curves are from the forward and backward waves respectively.  Both pulse 

widths ( e  drop point) can be sharpened by increasing the microwave velocity.  

However, in the other case ( ), by the higher relative velocities to the optical 

waves, the forward will be changed to the trailing edge and merge with the 

backward wave, as shown with the top two curves of Figure 2.13.  As the 

microwave velocity increases, the forward wave is broadened but the backward 

wave is sharpened.  So there will be one optimum condition to reach the highest 

bandwidth.  This can be seen in the Figure 2.14.  Figure 2.15 summarizes the 

TWPD by the ideal transmission line.  It reveals that the ideal TWPD (without the 

backward reflection wave) can be obtained in the velocity matching point,  

(top curve of Figure 2.15).  But, as the reflection is considered, the performance is 

dramatically dropped and the optimal condition is in some point of v .  After 

the microwave velocity increase, the bandwidth will saturated and depends on the 

optical velocity only.  

om v/

om v<

ov

1−

mv >

mo vv =

om v>
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(b)The impedance mismatch effects : 

 When the mismatching of the load circuit has been considered, after the 

reflection on the output load, the signal will transmit along the line and feed back to 

the output.  The bounce reflection waves will add to the original signal with round 

trip time delay.  The detailed calculation of these effects can be seen in Equation 

(11).  Due to the multiple reflections in both ends (here the optical input end is 

assumed as total reflection), the pulse amplitude is smaller and the pulsewidth is 

broadened by the successive delay pulses, which are the main reasons for resulting 

in the RC lump type.  This means that the physical dimensions of photodetector are 

very important to device speed.  In p-i-n WGPD, the electric field is almost 

concentrated in the active region.  The larger area of photodetector (wide or long 

waveguide) has a slower microwave and lower characteristic impedance, which 

causes velocity or impedance mismatching.  Assuming lossless and dispersionless 

transmission lines, two approaching ways are used to explain this: (1) keeping the 

waveguide length constant and varying the width.  (2) keeping the waveguide 

width constant and changing the length.   
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 In case (1), Figure 2.16 shows the bandwidth of TWPD structure for the 

impedance matching and mismatching.  The load circuit is assumed 50 ohm.  After 

putting the loading reflection, the bandwidth (the middle dash curve) is much less 

than impedance matching (the top curve).  The microwave velocity and 

characteristic impedance are only dependent on the CPW line gap  and intrinsic 

layer thickness  in the p-i-n CPW (

gw

id
i

c

c

g

d
wC

w
w

L εµ ≈≈ , ).  Therefore the 

bandwidth of TWPD (either impedance match or mismatch) over the waveguide 

width range is flat.  However, the bottom curve shows that the corresponding RC-

limitation of the detector is much lower than the distributed effects. 

Regarding case (2), Figure 2.17 plots the photodetector bandwidth with the 

device length.  All parameters are set as in case (1) except the width is kept at mµ1  

and the device length is changed.  As shown, the impedance matching makes the 

TWPD have much higher speed performance over the mismatching, especially in 

the long device.  In the time domain, the electrical pulse is broadened due to the 

impedance mismatching.  The output amplitude is degraded due to successive 

pulses delayed by a round trip time of the waveguide.  As shown in Figure 2.17, the 

time delays are neglected in the short devices, so the pulses are nearly coherently 

overlapped to still have a high bandwidth.  Similarly, the RC-limitation is still 

much lower than the distributed effects. 
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(c) Microwave loss effects: 

 As mentioned in Section 2.1.1, due to the doping layers and non-perfect 

metalization, the hybrid CPW transmission lines are inherently lossy and 

dispersive.  By the distributive properties, the electrical pulses generated along the 

lines have different microwave loss and dispersion.  Assuming no material 

response and optical power is completely absorbed ( 1>>⋅ loα ) and mo αα >>  
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(typically optical field attenuation oα  is in the order of 1 or 0.1 , and 

microwave field attenuation 

1−mµ

mα  is less than 0.01  below the THz regime), 

Equation (10) becomes : 

1−mµ

(βoj+(j+ β−
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ne trip Loss(dB
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Compared to Equation (12), the dependence on the response is not only the velocity 

mismatch but also the microwave loss (term A) and dispersion effects (term B).  

Based on the loss and dispersion curves (Figure 2.7), Figure 2.18 separately plots 

these effects on the forward and backward waves.  As discussed in the Section 

2.1.2, the velocity mismatch will influence the forward wave greatly.  The best 

performance is when the optical velocity matches the microwave velocity.  Because 

of the highly dispersive waveguide (the displacement current effects on material 
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and the skin effects of metalization), all the microwave velocities on frequency 

appear to speed up once the frequency becomes higher.  The frequency response 

thus gets better for the forward waves (the solid curve).  On the other hand, the 

backward (dashed curve) wave decreases.  As mentioned in section 2.1.1, in the 

middle frequency response ( GsL >>ω , ZmtL >>ω  and bti ZZC +<< /1ω ), the 

waveguide speed and impedance still can be approximated by the inductance and 

capacitance only.  Therefore, the dependence of dispersion on the middle frequency 

range is quite flat.  However, the loss is quite different.  Since the strong skin 

effects of the metal on the high frequency range, the microwave loss becomes 

larger.  In the middle frequency range, for example as shown in the figure 2.18, the 

total frequency response is almost dominated by the microwave loss term (circle 

one).  In the design, eliminating microwave loss will be the most important part. 

2.2 Summary  

 In this chapter, the bandwidth of the traveling wave photodetector is 

discussed.  By using the equivalent circuits theory and the distributed effects as 

modeling the device performance, the bandwidth of photodetector is systematically 

analyzed.  The analysis shows that not only the velocity impedance mismatching 

problems need to be considered but also the microwave loss. 
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Chapter 3  

Device Design and Fabrication 

 According to the previous discussion, the main factors influencing the speed 

of distributed photodetectors are velocity mismatching, impedance mismatching, 

and microwave loss.  In a long p-i-n waveguide, the transmission line will suffer 

from the high microwave propagation loss.  At high frequencies, no matter how 

much effort is done in the treatment of velocity and impedance matching, the 

device speed is limited by the microwave loss.  From a design point of view, a 

traveling wave structure is used only when the devices are short enough so that the 

bandwidth is determined by the material response only.  Over these length scales, 

the optical wave and the electrical wave interact coherently without any other loss 

penalty.  In the design of a low-temperature grown GaAs (LT-GaAs) TWPD, the 

main emphasis is to have the bandwidth of the circuits for the distributed 

photodetectors higher than the limitation by the carrier trapping effects in the LT-

GaAs.  The work for designing the device structures includes: 

(1) TWPD Circuit design: how to determine the device length and the 

depletion thickness?  The input optical power should be completely absorbed to 

obtain high quantum efficiency.  Also, the circuit bandwidth will not be degraded 

due to the high microwave loss of long device.  Two important features are needed 

to consider in the design, namely, the quantum efficiency and the bandwidth.  

Increasing the intrinsic region thickness will enhance the speed due to the higher 

impedance, microwave velocity, optical confinement factor and the lower 

microwave loss; however, the quantum efficiency becomes lower due to longer 

transit time. 

(2) Heterostructure design: what composition and structure of material 

should be grown in the heterojunction?  With the AlAs/GaAs graded 
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heterjunctions, the carrier diffusion due to the homojunction and also the carrier 

trapping in the abrupt junction can be eliminated.  In the intrinsic region, a low- 

temperature grown GaAs is used.  This provides a high carrier-trapping rate in the 

active region to achieve a high bandwidth. 

(3) Device fabrication: the device fabrication is based on the standard self-

aligned ridge waveguide processing.  The epilayers are grown on a semi-insulating 

GaAs wafer.  Polyimide is used to passivate the etching surface.  Ion-implantation 

is used to create insulating regions for the output loaded CPW lines. 

3.1 TWPD circuit design: 

The structure of the TWPD is a hybrid coplanar waveguide, which 

combines the micro-strip (MS) and coplanar waveguide (CPW) structures (as 

mentioned in Chapter 2).  This structure has several advantages. It is easily 

fabricated with the general lithography process as high-speed laser [1] or high-

speed modulator [2] because of the coplanar metalization.  From an application 

viewpoint, the coplanar structure has the flexibility that it can be connected to the 

other compatible electronic circuits, for example, microwave amplifiers.  Since 

CPW has lower capacitance and dispersion compared to microstriplines [3], signals 

are easily transmitted without distortion and with lower loss.  The CPW structure 

also facilitates measurements by electro-optical sampling technique or by high 

bandwidth microwave probes for electrical sampling.  Using the MS structure, the 

p-i-n device can be easily fabricated and connected to CPW lines. 

For designing the TWPD, the equivalent circuits are derived from the 

geometry in Figure 2.4.  Capacitance, inductance and resistance of the bulk 

material are listed in the Table 2.1.  Here, we use the same notations for 

semiconductor material parameters as the ones in Table 2.  As it was already 

mentioned the goal for the optimization of the photodetectors speeds is to match 

microwave impedance to the output load CPW lines, match the velocity of 

microwave to the optical wave and reduce the microwave loss within the optical 
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absorption length.  Besides the bandwidth of the devices, the quantum efficiency is 

the another important figure-of-merit.  The quantum efficiency η  can be expressed 

by [4]: 

t

llo
g t

t
eq

h
p

⋅−⋅⋅
⋅

⋅= ⋅⋅Γ− )1( α

ν
ηη      (3.1) 

gη : the coupling efficiency from the Fresnel reflection, optical mode mismatch and 

the scattering at the input end. 

op : the total optical power 

h : Plank’s constant, ν : optical frequency, q: electrical charge. 

α : optical absorption coefficient of the bulk material, Γ : the confinement factor in 

the intrinsic region.  : device length. l

lt : carrier lifetime, t : carrier transit time across the intrinsic region t

In Equation 3.1, the factor of 
t

l
t

t  determines the ratio of the mobile 

photocharges lost in the intrinsic region.  To increase the efficiency, one way is to 

have a thin intrinsic region to make the sweep time across the region small.  But, it 

will slow down the photodetector speed due to the high intrinsic capacitance.  To 

examine which factors dominate the device performance; it is necessary to 

calculate the speed and the efficiency of photodetector. 

(a) Transmission line bandwidth: 

In this work, the low-temperature grown GaAs (LT-GaAs) is primarily used 

for high-speed detector application due to its low carrier lifetime.  The carrier 

lifetime in LT-GaAs is ranged from sub-picosecond to picosecond [5,6] depending 

on the different annealing temperatures.  The carrier saturation velocity in the GaAs 

material is around 10 cm/second.  Assuming the transit time is 1 ps to get a 7
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reasonable value of 
t

l
t

t , the corresponding intrinsic region width is 100 .  So, 

it is helpful to set the active region as in the order of 100 . 

nm

m

nm

µ2

id

Figure 3.1a plots the real and imaginary parts of the p-i-n transmission line 

impedance as a function of frequency for waveguide width wc =  and 

depletion region thickness 200 .  As discussed in Section 2, in the middle 

frequency region (10 GHz to 1000 GHz), the microwave velocity and the 

characteristic impedance can approximately be treated as an ideal transmission line.  

In this middle frequency regime, the impedance is flat and the real part of 

characteristic impedance is much higher than the imaginary part.  It is more 

convenient to use the absolute value of the impedance to estimate the impedance 

matching. 

=id nm

Figure 3.1.b shows the characteristic impedance for different widths  

(

cw

mµ1  and mµ2 ) and the depletion region thickness , (100  to 300 ).  

Compared to the general instrument impedance of 50 , all the impedance values 

are quite lower over the frequency regime of interest.  The trend is that a wider 

waveguide and a thinner intrinsic region result in a higher impedance mismatch.  If 

the waveguide width is narrowed below 

nm nm

Ω

mµ1 , the impedance can be matched to the 

output circuit.  However, the optical coupling efficiency into the waveguide will be 

dramatically reduced since the wavelength of light is around 0.85 mµ  (bandgap of 

GaAs).  Due to the diffraction limits, the light cannot be focused to too much below 

the value.  Therefore, in order to eliminate the reflection from the output loaded 

circuit, it is better to set the waveguide width as mµ1 . 

Figure 3.2 shows the microwave index of the transmission line (from the 

dispersion of waveguide).  The dispersion effects are mainly from the resistive 

semiconductor material and the non-ideal metal.  The waveguide has quite different 

microwave velocities from D.C. to high frequency.  As shown, the microwave 
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phase velocity is slower while the loaded capacitance of waveguide increases (di is 

smaller).  As for the GaAs/AlAs material optical waveguide , the optical group 

velocity is in the range of 3.0 to 4.5 [7].  As shown in Figure 3.2, only the optical 

index with intrinsic region thicker than 300 nm can fit over the middle frequency 

region (10~1000 GHz). 
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As discussed in Chapter 2, the p-i-n microwave waveguide has high 

microwave loss due to the metal skin effects and the doped material.  Figure 3.3 

plots the field attenuation versus the frequency at different widths and intrinsic 

regions.  The solid curves of Figure 3.3 represent the field attenuation for the 
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waveguide width mwc µ1=

wc

 at different intrinsic region thickness  

nm.  The dashed curves depict the loss for the waveguide intrinsic region  

nm at different widths 

300~100=id

200=id

mµ5~2=

m

.  While the width increases or the depletion 

region becomes thinner, the higher load capacitance will bring up the higher 

electric field attenuation.  The way to minimize the microwave loss is to decrease 

the load capacitance of the waveguide.  The absorption coefficient of the bulk 

GaAs for the luminescence above the bandgap is around 1 .  From the optical 

confinement factor in Figure 3.4, the corresponding optical absorption length is in 

the order of 1 to 10 

1−mµ

µ . 

Let’s take an example, (say 10 long,  mµ 1=cw mµ  waveguide with 

intrinsic region thickness  nm), the bandwidth roll-off due to the 

microwave loss is near 3 dB up to 1000 GHz.  Considering the dispersion effects, 

the pulse broadening due to the walk-off problem is below 300 fs (from Figure 3.3 

and Equation 2.13).  The loss problem is more serious than the dispersion effects in 

this case. 

200=id

Regarding to the above discussion, lowering the load intrinsic capacitance is 

the key point to improve the device bandwidth by matching velocities, matching 

impedance and making low loss.  Figures 3.1, 3.2 and 3.3, shows that to bring the 

bandwidth as high as possible without the optical diffraction limitation, the best 

way is to choose the waveguide as 1 wide. mµ

(b) Determination of depletion thickness d   i

 To determine the thickness of the depletion region, it is necessary to 

consider the problems coming from the quantum efficiency and bandwidth.  

Although setting the thicker intrinsic region can bring a higher bandwidth of the 
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transmission line, the factor of 
t

l
t

t (Equation 3.1) will be dropped due to the longer 

transit time across the intrinsic region.  So, d  need to be optimized. i
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Figure3.4. The optical modal coefficient v.s. intrinsic region

 

By using the commercial software beam propagation (BPM)[8], Figure 3.4 

draws the relation between the optical confinement factor Γ  (TE polarization) and 

.  The optical light is TE polarized.  The i  factor shows quite a dependence on 

 such that the corresponding modal absorption length (id /1 ) will have a large 

range over  nm, i.e. the photodetector length should be long to get a high 

portion of light absorbed in the small 

200<di

Γ  regime. 

d Γ

Γα

The bandwidth-efficiency product (Chapter 1) is a figure-of-merit to 

optimize device performance.  Figure 3.5 plots the relative quantum efficiency 

(solid) and the –3dB bandwidth (point) of 1 wide, and 10 long TWPD.  

The LT-GaAs is assumed as the active region.  The carrier lifetime is dominated in 

the response of the intrinsic region (Equation 4 of Chapter 2) instead of the carrier 

mµ mµ
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transit time.  The total optical coupling efficiency is assumed.  As shown, a 

maximum value of efficient near  nm, where the optimum condition is due 

to the compensation of two effects, namely the optical modal coefficient 

80~id

Γ  and the 

t

l
t

t . 

200

Figure3.5.  The -3dB bandwidth and efficiency with intrinsic region
m, length=10 

Intrinsic region thickness di (nm)
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In the thin intrinsic region, the value Γ  is not high enough so that the 

optical power can not be completely absorbed.  Inversely, in the thick intrinsic 

region, because of the long carrier transit time, the value 
t

l
t

t  is small.  Let’s 

assume the allowable design zone for the intrinsic region thickness with which the 

quantum efficiency is higher than the half of peak value, as shown in Figure 3.5.  

For a conservative design to ensure the optical power is completely absorbed and 

the high bandwidth, we set the thickest intrinsic region (~170 to 190 nm) in the 

allowable design regime.  To investigate the dependence on device length, Figure 

3.6 draws the bandwidth-efficiency product as a function of intrinsic region 
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thickness at different lengths.  For the waveguide with  nm, above 99% of 

the optical power can be absorbed in the length of 10 

170=id

mµ .  When the device is 

much longer than the optical-microwave interaction region (>10 mµ ), the 

microwave power will loss during transmission.  By compensating the efficiency 

and the bandwidth, the length of device is set at 10 mµ . 
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(c) Discussion about carrier lifetime and transit time: 

 In material response, two limitation regimes (the carrier lifetime and transit 

time limit) have different considerations on design.  In the carrier transit regime, 

because the carrier transit time is inversely proportional to the intrinsic region 

thickness.  The material response is inherently dependent on the transmission line 

design (microwave velocity and impedance), i.e. there is, in this case, one more 

parameter constraining with the TWPD speed (Equation 2.10).  Actually, the transit 

time effect with the bandwidth of circuit is a trade-off relation.  The thinner the 

intrinsic region, the faster the carrier sweeping across the junction, but the slower 

the response due to the higher loaded capacitance.  While increasing the intrinsic 
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region thickness to bring the lower load capacitance, the carrier transit time is 

longer. 

On the other hand, while the material performance is limited by carrier 

lifetime, the material response will not be correlated with the device dimensions.  

Figure 3.7 depicts the total bandwidth of TWPD as function of intrinsic region 

thickness at different material response.  The waveguide is mµ1  wide and 

mµ20 long.  The dotted curve (carrier transit effects) shows an optimum condition 

peaking at d  nm due to the compromise of transit time and circuit effects.  

By putting the carrier lifetime on the response, the bandwidth is followed by the 

TWPD circuit effects and saturated at the carrier trapping limitation.  The solid 

curve of Figure 3.7 shows a monotonically increasing bandwidth. 
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 By this calculation, in the general bulk semiconductor material, the 

bandwidth is often limited by the carrier transit and the circuit design.  This is why 

most photodetectors can not push the bandwidth higher than two hundred GHz by 

either improving the RC limitation [9,10] or designing the traveling structure [11].  
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It is instructive to set the LT-GaAs material as intrinsic regions by utilizing the 

high carrier-trapping rate.  The selection of material response is only dependent on 

the other fabrication, like material annealing and growth temperature.  It is an 

advantage over the general carrier transit time limit device. 

3.2 Material design 

 Choosing LT-GaAs p-i-n heterojunction as the material structure of p-i-n, 

the idea is originated from the fabrication of LT-GaAs MSM-photodetectors.  In 

the 1996, I involved in the project of fabricating high-speed photodetectors [38].  

Before that, I grew several types of structures (InGaAlAs material), for example, 

the InGaAs strain quantum-well laser structures and the GaAs quantum-well photo 

luminescence samples.  From these experiences, I learned some techniques to 

improve the epilayers properties, like doping offset problems (Be) and superlattice 

layers to block the defect-diffusion.  It is very helpful to design the LT-GaAs p-i-n 

structure. 

At the beginning of this project, three attempts of LT-GaAs material growth 

on the S.I. GaAs wafers were done.  Among these growths, the RHEED pattern 

became spotty after deposing several hundreds of nm.  It was found that the 

roughness of the AlAs blocking layer before lowering the substrate temperature 

causes the abnormal LT-GaAs.  Smoothing of the surface can be done by growing 

about 10 nm of GaAs [39].  The four generation of LT-GaAs was thus successfully 

made. 

On the fourth generation of LT-GaAs material, the pump-probe 

measurement and MSM photodetector were made to calibrate the material.  By ex-

situ annealing at different temperatures, a subpicosecond decay rate was obtained 

from the samples annealed at temperature < 6250C.  Three generations of MSM 

structures were also fabricated on this wafer to test the dark current and 

photocurrent.  However, it was found that a good Schottky contact was not easily 

made on the top of LT-GaAs layers.  The fabrication of contacts (ohmic or 
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Schottky) between metal (Ti/Au) and LT-GaAs is not reproducible from generation 

to generation at the same annealing temperature and even from samples to samples 

on the same processing.  The hole-pile-up problems at the interface [40,41] may be 

deleterious to the device speeds.  Therefore, after about 8 months, we decided to 

fabricate the alternative structure, i.e. the LT-GaAs p-i-n structure.  The LT-GaAs 

is sandwiched by n- and p-AlGaAs cladding layers.  Using heavily doped AlGaAs 

material, the contact-problems can be improved.  The previous work on the high-

speed photodetectors in our group [9,11] indicated that the graded layers could 

eliminate the charge trapping effects on the i-layer and the cladding layers. 

 The details of material structure design and processing are described in this 

section and next section. 

(a) epilayer structures: 

 As discussed in Section 3.1, the optimum conditions for designing the 

optical confinement factor are the mµ1  wide waveguide (Figures 3.1, 3.2 and 3.3) 

and 100 nm to 200 nm thick intrinsic region (Figure 3.5).  In determining the 

cladding layers of waveguide, the bulk Ga/AlAs material characteristics must be 

considered. 

n+-GaAs 30nm

n+-Al 0.2 Ga 0.8 As 600nm

LT-GaAs 170nm

p+-Al 0.2 Ga 0.8 As 600nm
S.I. Al 0.5 Ga 0.5 As 3000nm
        S.I. GaAs substrate

i

p

n

Ni/AuGe/Ni/Au
Cr/AuZn/Au

Ti/Au
Polyimide

Figure3.8. The schematic drawing of TWPD and material growth
The graded layers
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All the material is grown in a Varian GenII solid source molecular beam 

epitaxy (MBE) system on a (100) oriented semi-insulating GaAs substrate (S.I. 

GaAs).  The semi-insulated wafer can have a very low parasitic capacitance to 

avoid any unwanted electrical connection.  Figure 3.8 plots the AlGaAs material p-

i-n heterostructure (the i-layer is grown by LT-GaAs).  Before the onset of growth, 

the wafer is set to 630oC for 5 to 10 minutes to desorb the surface oxide under the 

As2 overpressure of  torr.  The wafer is then cooled down to 5706109 −× oC to begin 

the growth.  A 300 nm thick buffer GaAs layer is then grown to smooth the surface.  

Before growing the p-i-n waveguide structures, a 300 nm AlAs and mµ3  

Al0.5Ga0.5As layers are deposited.  The AlAs is for the etch stop during the removal 

of the substrate.  Although the substrate removal may not be necessary, however, it 

can increase the flexibility for the processing and the measurement. 

A mµ3  Al0.5Ga0.5As growth is completed by the digital alloy method 

[12~14], which uses the alternating layers of 1 nm AlAs and 1 nm GaAs, i.e. a 

periodic superlattice of AlAs/GaAs.  By this method, we use bandgap engineering 

and well approximate the AlGaAs alloy (the analogy alloy)[13,15,16].  Also as in 

the reference [17,18], the periods of superlattice AlAs/GaAs can tailor the optical 

waveguide properties of the device.  There are several reasons for the digital alloy 

Al0.5Ga0.5As.  The first is to separate the optical mode of p-i-n waveguide from the 

bottom GaAs substrate, because the S.I. GaAs substrate and the intrinsic region 

have the same energy bandgap and optical refractive index.  The second is to 

eliminate some charges generated in the bulk GaAs.  These may induce 

photocurrent, which will contribute the long tail in the pulse response [19], 

although the electrical field is almost confined in the intrinsic region.  The third 

reason is that the superlattice (AlAs/GaAs), according to the references [20,21], 

can smooth the surface strikingly after growing several periods of superlattice and 

can trap the defects originated from the substrate.  It is then ensured that the good 

quality of material can be grown after these layers. 
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 The p-i-n GaAs/AlGaAs double heterostructure structure, as shown in 

Figure 3.8, includes the doping AlGaAs cladding layers, the LT-GaAs intrinsic 

layers and the graded layer between the cladding layers and intrinsic layer.  The n- 

and p- regions of p-i-n structure are doped with Si and Be respectively.  The optical 

waveguide is formed by such heterostructure, which includes the lower index and 

transparent AlGaAs cladding layers.  And also, because of the higher bandgap in 

AlGaAs material, the slow carriers diffusion problems from absorption in the n and 

p regions of the homojunction can be avoided [22]. 

 The high doping in the cladding layers causes the optical loss, which is 

mainly resulted from the free carrier and inter-valence-band absorption [42].  In 

reference [43], the optical loss at λ =1550 nm for p-type GaAs (p=5 ) is 

about 125  and the one for n-type GaAs (n= ) is about 12 .  

According to [42], the optical loss due to free-carrier absorption increases 

approximately as , i.e. the free-carrier absorption is lower at 

31810 −× cm

cm1−cm 318103 −× cm 1−

3λ λ =800 nm.  

However, for the conservative sake, let’s take the data at λ =1550nm to estimate 

the free carrier effects.  The optical absorption above bandgap of GaAs is about 1 

.  The band-to-band absorption is one order of magnitude larger than the free 

carrier absorption.  Considering the optical confinement in the waveguide, only 

small portion of optical power loss in the cladding layers.  Therefore, at the short 

wavelength regime, the optical loss due to free-carrier absorption below the doping 

level of  can be neglected. 

1−mµ

3−1810×3 cm
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 In choosing the Al content of doped AlGaAs cladding layers, one needs to 

consider two factors.  One is that the Al should be high enough to be transparent for 

the light at λ =800 nm and have lower index to support the optical waveguide 

mode.  The other is the doped AlGaAs should have high enough mobility and good 

contacts for the metalization, in that the Al content should be low.  Figure 3.9 plots 

the optical refractive index and energy bandgap of AlxGa1-xAs [23].  The star point 

(*) is the energy of optical light with wavelength 800 nm, where the equivalent Al 

content is around 7%, which is the bottom line for the heterojunction to separate the 

optical absorption from the active region.  In the electro-optic sampling 

measurement, the mode-lock optical pulse is around 100 fs (the corresponding 

optical bandwidth is around 10 nm).  In order to keep the cladding layers 

transparent to the optical pulse and the bandgap energy of the intrinsic region still 

lower than the optical energy, it is better to set the optical bandwidth is one order 

larger than 10nm, say at 100nm.  At this condition, the Al content is higher than 

20%.  The electron mobilities of AlxGa1-xAs have not significantly changed in the 

compositions of 0<x<0.2, but, the hole mobilities drop abruptly as x increases 

[23,24].  So, we keep the Al content of AlxGa1-xAs as low as possible to make low 



material resistivity and contact resistance.  From the above discussion, to design the 

low contact resistance of metalization and the low cladding resistance, the choice of 

AlGaAs is set to 20%. 

 The LT-GaAs material is grown as the intrinsic region.  As mentioned in 

Section 3.1, in the transit-time limited photodetectors, the device bandwidth 

inevitably suffers from the trade off between carrier transit time effects and the 

distributed RC effects (Figure 3.7).  On the other hand, if by a choosing suitable 

material that can operate in the carrier trapping time region, the design then has one 

more degree of freedom.  Using LT-GaAs as the absorption material is to obtain the 

ultra short carrier lifetime [25-27].  The high concentration of defects in the LT-

GaAs result from the excess As, Ga vacancies and As interstitial defects.  The 

carriers are easily trapped in these levels and thus have short carrier trapping time. 

 The carrier lifetimes of LT-GaAs can be engineered by either growth 

temperature or annealing temperature [25,27].  We chose 215-230oC as the growth 

temperature (the variation is due to thermocouple sensor).  Following the growth, 

the layers are in-situ annealing at 600 oC under an As2 overpressure in the MBE 

chamber for about 10 minutes.  There are two reasons for setting 600 oC as the 

annealing temperature.  One is that there are n-type AlGaAs layers to be grown 

after LT-GaAs.  To grow a good quality of n-AlGaAs, the temperature should be 

high (generally higher than 550oC), but in order to keep the defects of LT-GaAs in 

intrinsic region, the growth temperature after LT-GaAs should be kept lower to 

“freeze” the defects.  The other reason is that from the pump-probe measurement 

for different annealing temperatures of LT-GaAs, the layers of 600 oC annealing 

show a single and fast decay rate (around 200~300 fs) in the LT-GaAs material 

grown at the same growth temperature as p-i-n structure [37].  The different carrier 

decay rates (different carrier trapping time and lifetime) will make the speed of the 

device slow. 

 63



Graded layersAbrupt junction

Figure3.10, the graded layers are used to smooth the abrupt heterojunction  

 In the junction of LT-GaAs and the n-, p- Al0.2Ga0.8As, there are some 

effects that should be considered.  The first is that the graded heterojunction is 

necessary for avoiding the carrier trapping in the abrupt junction, as shown in 

Figure 3.10.  To simplify the graded layers, we used the digital alloy techniques, by 

which the graded heterojunction can well be resembled [29].  Ten periods of 

superlattice (AlAs)y(GaAs)1-y y=0~0.2 (each period has 2nm thick ) are grown.  The 

second is that the outdiffusion of defects from the LT-GaAs to the cladding 

AlGaAs material need to be avoided [30].  During the growth of top n-cladding and 

the in-situ annealing, the high temperature (about 600oC) will cause the defects 

outdiffused to the cladding and may ruin the doping region.  Two AlAs layers 

sandwiching the LT-GaAs material can set barriers for the defect [31].  Two 1.5 nm 

thick AlAs are deposited before and after growth of LT-GaAs. 

 Table 3.1 shows the total material growth.  In order to check the optical 

mode in the waveguide geometry (Figure 3.8), the BPM software [8] is used to 

calculate the optical mode profile.  The optical wavelength is set at 850 nm.  The 

waveguide is 1 wide with a 170 nm thick intrinsic region (Figure 3.5).  The 

process is assumed to etch through the intrinsic region to 200 nm deep into the p-

type-cladding layer.  Figure 3.11 depicts the optical power contour of the 

mµ
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fundamental mode.  The unit for the x- and y- axis is micrometer.  The mode 

reveals a 1  diameter size and is well confined in the waveguide. mµ

 
Figure 3.11, the optical mode profile form the BPM method. 

Table 3.1 lists the material growth structure.  The top GaAs layer (#19) is 

for the ohmic-contact of center electrode metalization.  Also, with this cap layer, 

the oxidation of n-AlGaAs can be prevented.  Undoped layers of AlGaAs layers are 

grown in both sides near the intrinsic region (#13~16, #7~10).  They are the doping 

offset layers, by which the dopant diffusion to intrinsic region can be avoided.  The 

diffusion constant of Be is around (1  at T=570sec/10 217 cm−× oC) and Si’s is 

around one order less than the Be’s in the GaAs material [31].  The growth rate of 

AlGaAs is set at 1 hrm /µ .  After annealing the LT-GaAs, there are about mµ6.0  

thick n-type AlGaAs material to be deposited at substrate temperature 570oC.  So 

the corresponding diffusion length ( tD ⋅ ) of Be is in the order of 100 nm, and the 

Si’s is around 30 nm.  The #11 layer is the space region for smoothing the surface 

during cooling the substrate temperature to 215oC. 
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3.3 Device fabrication: 

Figure 3.12 schematically plots the details of processing.  Generally, the 

device is separated by two parts, namely (1) the p-i-n region, (2) the output CPW 

load circuit.  The processing is done by the self-alignment technique on the semi-

insulate wafer [11,32].  The first part is defined on small regions (typically in the 

area of mm µµ 20×100 ), which are made by n- and p- contact metalizations and the 

reactive ion etching between the processes of n- and p- contact.  The second part is 

the signal-loaded circuits (CPW lines) at the outside of p-i-n region.  After 

finishing the first part, ion-implantation is used to render the area of output load 

circuit semi-insulating.  By bridging through polyimide, the CPW line is connected 

to the p-i-n photodetector region to receive the microwave signal and also used for 

the EO-sampling measurement.  The polyimide is used for the passivation of the 

etching surface.  

Table 3.1 The material growth structure.  Tg: the growth temperature, Ta: the 
annealing temperature. 
# Material Doping level Thickness Description 

19 N+-GaAs 318108 −× cm  20 nm For the ohmic contact, Tg=570oC 

18 N+-Al0.2Ga0.8As 318103 −× cm  400nm Top cladding layers, Tg=570oC 

17 n-Al0.2Ga0.8As 318101 −× cm  180nm Top cladding layers Tg=570oC 

16 Al0.2Ga0.8As Undoped 20nm Top cladding layer, n-doping offset, Tg=570oC 

15 Graded layers Undoped 20nm From 0% Al to 20% Al, Tg=570oC 

14 GaAs Undoped 5nm The in-situ annealing cap layer, Tg=350oC 

13 AlAs Undoped 1.5nm Top diffusion barrier of excess As, Tg=370oC 

12 LT-GaAs Undoped 160nm Tg=215 oC (by thermal couple), Ta=600oC 

11 GaAs Undoped 10nm Surface smoothing layers, Tg=570oC 

10 AlAs Undoped 1.5nm Bottom diffusion barrier of excess As, Tg=570oC 

9 GaAs Undoped 5nm Space layers  

8 Graded layers Undoped 20nm From 20% Al to 0% Al, Tg=570oC 

7 Al0.2Ga0.8As undoped 50nm Bottom cladding layer, p-doping offset, Tg=570oC 

6 p-Al0.2Ga0.8As 318101 −× cm  150nm Bottom cladding layers Tg=570oC 

5 P+-Al0.2Ga0.8As 318107 −× cm  400nm Bottom cladding layers Tg=570oC 
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4 Al0.5Ga0.5As undoped 3000nm Optical isolation layers 

3 AlAs undoped 300nm The etching stop layer 

2 GaAs undoped 300nm Buffer layers 

1 S.I. GaAs   Substrate 

 

Wafer cleaning: 

 The wafer is soaked in ACE, ISO and methanol for around 2 minutes in the 

ultrasonic.  After the nitrogen blows dry, the sample is then baked at 1200C around 

10 minutes for dehydration. 

The top metalization: 

 The wafer is cut into around 1 cm 1 cm square and cleaned by “wafer 

cleaning”.  The top n-metalization is made by the double-layer photoresistors and 

the lift-off technique.  By using this procedure, the metal is easily lift-off with 

sharp edge.  The double layer process is: 

×

(1) clean and 1200C baked in oven for at least 10 minutes. 

(2) HMDS spin at 5.5K rpm 40seconds. 

(3) photoresistor 825 (first layer) @5.5K rpm 40seconds. 

(4) 950C baked at hot plat for 1 minute. 

(5) flood exposure on the aligner for 7 seconds at UV light power density of 

7.5 . 2/ cmmW

(4) photoresistor AZP4110 (second layer) @5.5K rpm 40 seconds. 

(5) photolithography : after removing edge PR, UV light exposure 10 seconds. 

(6) development: stirring in the developing solution (AZ400K:D.I. water=1:4) for 

around 40 seconds.  After that, rinse in D.I. water for 20 seconds, nitrogen blow 

dry and inspection by optical microscope. 

(7) continue the step (6) until the development is good. 

(8) descum for 15 seconds at 100W to remove some PR residues in 

development region.. 

2O
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(9) E-beam evaporation Ni(5 nm)/AuGe(10 nm)/Ni(10 nm)/Au(60 nm)/Ni(100 nm) 

for the n-type ohmic contact. 

(10) The metalization will be lift-off in the ACE by the help of ultrasonic bath. 

i
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p

(a) double layer of photoresistor

Ni/AuGe/Ni/Au
Cr/AuZn/Au

Ti/Au
Polyimide
Photoresistor

S.I. GaAs substrate

Al0.5Ga 0.5As

P-layer

N-layer
LT-GaAs

(e)side view of photodector
Figure3-12, the schematic diagram of processing

(b)RIE etching and p-metalization

(d)polyimide etching and CPW metal

(c) spin polyimide
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Reactive ion etching (RIE):  
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 After top metalization, the sample is then placed in the RIE chamber and 

pumped down below .  The self-alignment n-type metalization 

Ni/AuGe/Ni/Au/Ni is good for ohmic contact after annealing [34].  The top 100 nm 

Ni is used as an etch mask for RIE etching.  Otherwise, the Au layers will be etched 

and left with rough surface during the plasma . 

torr6102 −×

2Cl



The waveguide widths (generally 1 to 3 mµ ) are in the same dimension of 

the ridge depth (about 1 mµ ) in the high-speed design.  The wet etching will get the 

wedge profiles (inward profile or outward profile) at the different cleavage 

directions of GaAs.  Both directions of wet etching will result in higher intrinsic 

capacitance or etching through the waveguide by the side-wall etching.  So the wet 

etching is not useful to get the sharp and vertical walls.  In order to gain a precise 

etching and a sharp vertical profile, an in-situ measurement and RIE etching are 

used to form the ridge waveguide.  Figure 3.13(a) plots the schematic diagram of 

RIE etching.  A He-Ne laser is used as a light source and monitors a test sample cut 

from the same wafer as the real sample.  There is no processing on the test sample 

such that the monitoring optical intensity from reflection is from the epilayer itself.  

The RIE should be through the intrinsic region and stop at around 100 to 200 nm 

into the p-region.  Figure 3.13(b) plots the reflection of optical power from the laser 

with time.  From the different cycles of intensity, the etching surface can be 

monitored. 

The bottom metalization: 

After RIE, the sample is rinsed in the D.I. water for at least 10 minutes.  

This process is for cleaning some Cl residue remaining in the surface after etching.  

It is important since the remaining Cl  will continue to etch to make a rough 

surface.  After that, a cleaning process and photolithography follows the steps in 

the top metalization.  The alloy Cr/AuZn/Cr/Au (6 nm/75 nm/25 nm/600 nm) 

deposited by thermal evaporation is for the p-type ohmic contact.  Both n- and p- 

contacts are then annealed by the rapid thermal annealing (RTA) at 400

2

2

0C for 30 

seconds.  The voltage-current performance of the p-i-n region should be tested 

before continuing the next processing.  Only if the I-V curve turns out to be normal 

I-V characteristics of photodiode, then go to the next process. 
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Figure 3.13(a) RIE system and laser monitor  
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Figure 3.13(b). The laser monitor signal during RIE etching
 

The ion implantation: 

 The area of ion implantation is the whole sample except for the region of 

the p-i-n detector.  To do the selected area ion-implantation, a thick PMGI layer is 
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used for masking the ion.  The PMGI processing consists of three layers of SF-15 

and is described as follows: 

(1) the sample is cleaned by the wafer cleaning step, then spin the SF-15 @3.5K 

rpm 30 seconds. 

(2) baked in the oven at 3000C for around 1 minutes.  Each SF-15 layer is around 

3 mµ . 

(3) inspect the surface by optical microscope to check if there are any bubbles. 

(4) repeat (1) to (3) 

(5) photolithography : use AZ4330 (5K rpm around 40 seconds) to define the 

masking region. 

(6) use deep-UV light (1000W) to expose for 5 minutes.  Then, develop by SAL-

101 around 1 minutes and rinse in the D.I. water. 

(7) continue step (6) until the PMGI in the region of ion-implantation is totally 

disappeared. 

 The ion-implantation is implemented by the proton ion.  Three layers of SF-

15 and one layer of AZ4330 are used to protect the detector region (p-i-n) from the 

ion-implantation.  The total thickness of SF-15 and AZ4330 is about 11 mµ .  The 

sample is bombarded with proton ion at IICO Corp.  The conditions for using ion-

implantation are [11,37]: 

The offset angle is set at 7 degrees to prevent the channeling effects. 

(1)  at 12 KeV. 214106 −× cm

(2)  at 30 KeV. 214103.2 −× cm

(3)3  at 60 KeV 21410 −× cm

(4)3  at 100 KeV 214107. −× cm

(3)  at 150 KeV 214104 −× cm

(3)  at 200 KeV 214105.4 −× cm
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 The sample is then cleaned by soaking 1165 @900C for about 3 hours.  

Then, we anneal the sample at 3500C for 30 seconds by the RTA to enhance the 

semi-insulating. 

Passivation and planarizatoin: 

 As shown in the cross section of Figure 3.12.  The polyimide is used for 

passivating the etching surface and also for planarization, by which the bridges can 

connect the output CPW line circuits and the p-i-n region. 

The processing of the polyimide is as follows: 

(1) spin adhesion promoter “QZ3289:QZ3290=1:9”, 5K rpm 50 seconds 

(2) spin probimide 284, 5K rpm, 50 seconds 

(3) baked in oven and follow the procedure 900C for 30 minutes and then 1500C 15 

minutes. 

(4) photolithography: use AZ 4330 (5K rpm 30 seconds) and follow the process of 

top metalization to develop. 

(5) use RIE (O2 plasma ) to etch pattered polyimide. 

(6) clean by ACE, ISO and D.I. 

(7) cured in the oven ( 2400C for 15 minutes, 3250C for 60 minutes) 

 The cured process is for smoothing the polyimide edge after the O2 RIE 

etching such that the last metalizaton (output circuit and interconnection lines ) can 

be easier to fabricate.  The process for the p-i-n region is finished after this step.  

Figure 3.14 plots the p-i-n detector region.  The dashed curve is for the cleaving to 

create a mirror facet of waveguide. 

Metalization of output CPW and interconnection lines: 

 As shown in Figure 3.14, the depth profile of the bridge region (point A to 

B) is an around 1.2 mµ (from the top to the bottom points).  The thickness of Ti/Au 

metal should be thick enough to bridge the metal from the p-i-n regon to ion-

implantation region, otherwise the metalization is easily broken in the edge of 
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polyimide area.  And also, the thick metal can have a low resistance and easily be 

contacted by the microwave probe while doing the measurement.  The Ti(20 

nm)/Au(1500 nm) is chosen to be the last metalization which is done by the lift-off 

of the triple layers photoresistors.  The process is as follows: 

N-contact region
P-contact region

Polyimide

Facet Cleave line
Figure 3.14, the p-i-n region, the dashed line is facet cleaving. 

A

A

B

 
 

(1) clean and 1200C baked in oven for at least 10 minutes  

(2) HMDS spin at 5.5K rpm 40seconds. 

(3) photoresistor 825 (first layer) @5.5K rpm 40seconds. 

(4) 950C baked at hot plat for 1 minute, flood exposure 7 seconds. 

(5) repeat steps (3) and (4). 

(6)photoresistor AZ4210 @5.5K rpm 40seconds. 

(7) 950C baked at hot plate for 1 minute. 

(8) photolithography : exposure time 15 seconds. 

(9) development: stirring in the developing solution (AZ400K:D.I. water=1:4) for 

around 40 seconds.  After that, rinse in D.I. water for 20 seconds, nitrogen blow 

dry and inspection by optical microscope. 

(10) rinse in D.I. water for 2 minutes. And baked in oven @1200C for 20 minutes. 

(11) Ti(10 nm)/Au(1500 nm) metalization by E-beam evaporation. 
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Light Microwave

p-i-n photodetector Output CPW line

A

B

Figure 3.15. The top view of TWPD

7 µm

 

AlAs layers

 Waveguide

Figure 3.16. The cross section of optical waveguide (point A to B in Figure3.15)

3 µm
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Figure 3.15 shows the top view of the device, which is cleaved from the center 

of Figure 3.14 (the facet cleave line).  Figure 3.16 shows the cross section of 

waveguide (point A to B of Figure 3.15). 

3.4 Summary: 

 In this chapter, the TWPD structure is designed.  From the point views of 

bandwidth and efficiency, the optimum condition for the intrinsic region is set to 

100 nm to 200 nm.  The waveguide is set as mµ1  wide.  There is one more free 

degree to enhance the device speed in the design by choosing LT-GaAs as the 

active region.  The material structure and fabrication are also described in this 

chapter 
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Chapter 4 

Experimental Results and Discussion 

 This chapter describes the measurement results.  It is divided into two 

sections.  In the first section, the properties of the bulk material and the microwave 

waveguides are measured and analyzed.  In the D.C. measurements, the 

Transmission Line Model (TLM) is used to characterize the metalization contact 

and the bulk material resistance.  As for the A.C. characteristics, the network 

analyzer is used to test the microwave propagation in the transmission line.  The 

transmission line impedance, loss and dispersion effects are extracted from the 

measured scattering parameters (s-parameter).  In the second section, the TWPD 

performance is measured.  The device bandwidth is first characterized by a digital 

electrical sampling scope to do the fist testing.  Then, the electro-optic sampling 

technique is applied to measure the device speed.  The EO-sampling principle and 

setup are described in this section.  Comparing two different lengths of devices, the 

microwave propagation constants can be extracted to the frequency much higher 

than the limitation the network analyzer can provide.  The device speed limitation 

will be discussed in this section, which includes the circuit limitation and the 

material effects in the LT-GaAs.  A power and bias dependent EO-sample is also 

presented.  It is found that the high speed is due to carrier trapping in LT-GaAs 

material. 

4.1 The p-i-n waveguide characteristics: 

4.1.1 D.C. characteristics: 

 As mention in Chapter 2, the contact resistance and bulk material resistivity 

will effect the relaxation frequency of the material and the transmission line 

performance.  To obtain high speed and high power performance in photodetectors, 

a good ohmic contact and low material resistivity is needed [1~3]. 
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 The current-voltage measurement of the TLM patterns is used to 

characterize the bulk material and the contact resistance of n- and p- metalization.  

The TLM patterns are designed with the dimensions of mm µµ 100×100 , and the 

electrode gaps between them are from 2 mµ  to 35 mµ .  The top Au layer is 

deposited at least 500nm thick to ensure a good contact on the probes.  HP-4145 is 

used to measure the I-V characteristics. All the I-V data is not recorded until 

reaching the reproducibility.  After at least three times of measurements for each 

pattern, the I-V data is taken and averaged statistically.  The two probe contacts on 

the Au surface are also measured to correct the TLM resistance.  Two probes are 

placed as close as possible on the same test pad to measure the contact resistance, 

in which the resistance of Au layer between two probes is assumed zero.  The 

average resistance of two-probe contact is equal to 2.55 .  The resistance of the 

TLM patter is obtained by subtracting the probe resistance.  The relation between 

the average TLM resistance and the electrode gaps is assumed as a linear function.  

And, the slope and intercept points of linear relation are obtained by fitting linear 

curves.  The contact resistance of metalization is given by [4]: 
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where  (unit=LW , mµ ) are the TLM pattern width and separation.  (Unit 

= Ω ) are the sheet resistance under the contact and the separation regions. : 

transfer length.  :(unit=Ω ) the contact resistance.  It is noted that equation 

(1) is true only at W .  The value of  is in the order of 1 to 0.1 
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m

tL

cr
2mµ⋅

tL>> tL µ  which is 

quite smaller than the device width W =100 mµ , so equation (1) is a good 

 80



approximation.  To simplify the calculation, the assumption  is used in the 

TLM pattern measurement. 

ssc RR =

y 

RIE etch

10

S.I. GaAs

n+-Al0.2Ga0.8As

P+-Al0.2Ga0.8As

TLM pattern contact

n+-GaAs LT-GaAs

Figure4.1, The metalization pattern for measureTLM resistivit

ing
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Figure 4.2 The TLM measurement on n+ GaAs

In order to get contact resistance on the different layers of the p-i-n 

heterostructre (the design of the material structure is in Chapter 3); the sample is 

cut into four pieces.  Each is etched by RIE to different layers of interest.  Figure 

4.1 plots the schematic diagram for this process.  The top surfaces of the three 

samples are prepared to be  layer, , and  such GaAsn −+ AlGaAsn −+ AlGaAsp −+
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that the metalization contacts can be known.  The TLM patterns are then followed 

by the general lithography techniques to lift-off metalization.  Here, the alloys of 

Ni/AuGe/Ni/Au are annealed at 410  and Cr/AuZn/Cr/Au are annealed at 

.  Figure 4.2 shows the measurement on the , which corresponds 

to the n-contact of TWPD.  The contact resistance is about 35.6 .  After the 

top  layer is etched, the TLM pattern is used to measure the resistance of 

 layers.  Figure 4.3 plots these TLM data on  

layers.  The metal contact resistance is increased to around 245 Ω .  The RIE 

etching is assisted by the in-situated measurement to ensure that the etching surface 

is 200 nm underneath the junction of  and  layers.  

The contact resistance of AlGaAs is about one order larger the GaAs layer, even 

the  is only 30nm thick.  To improve the contact resistance of p-i-n 

heterostructure and to decrease the amount of oxygen incorporated to the Al, the 

top contact  is necessary.  The rest of  layer is about 

400nm thick, such that the average resistivity is 96 

C0
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C0390

n+

Aln −+

n+

GaAsn −+

n −+

GaAln 2.0−+

m

2mµ⋅Ω
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AsGa 8.02.0

AsGaAs−
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µ⋅Ω  (which is calculated by 

   thickness).  Using the same technique, the TLM of 

 can also be measured, as shown in Figure 4.4.  The metal 

contact resistance is around 269  and the average layer resistivity is 140 

dRs / ,

Alp −+

m

:d n+

Ga 8.02.0

As8.0GaAl 2.0−

As

2mµ⋅Ω

µ⋅Ω .  The contact resistance and material resistivity are listed in Table 4.1, 

which are consistent with reference [5,6]. 

GaAs n As8.0 p+GaAl 2.0−+ As8.0GaAl 2.0−

mµ⋅
mµ⋅Ω

Table 4.1 
 n −+   

Contact resistance ( Ω ) 2 35.6 245 269 

Resistivity ( )  96 140 
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4.1.2 A.C. characteristics: 
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 The A.C. characteristics are mainly based on scattering matrix 

measurements (s-parameters), by which the microwave propagation constant can be 

extracted [7-9].  In the TWPD structure (or WGPD), the microwave propagation 

and characteristic impedance are the basic factors effecting the circuit limitation of 



the device [10,11].  Generally, the lengths of the TWPD are in the order of 1 mµ  to 

10 mµ .  In this range, it is hard to measure the s-parameters of waveguides 

precisely since the calibration of the output contact pads used to connect the 

microwave probes to the waveguides [12].  To avoid the calibration errors in the 

measurement, a long p-i-n waveguide without output contact pads is designed and 

fabricated by the general processes of in-plan laser [13]. 

Microwave probe

polyimide

metalization

Optical Waveguide

Cross sectionPlan view

: Microwave probe

Waveguide length

Figure 4.5. The schematic diagram for the scattering parameter measurement  

Figure 4.5 plots the schematic diagram of waveguide and measurement.  

The process is almost the same as for the real device [14] except that there are no 

output CPW lines.  The microwave probes are directly contacted with the 

metalization, so the TWPD microwave waveguide can be simulated precisely.  The 

sample substrate is lapped to about 100  thick.  Cleaving on these thinning 

samples forms the ends of the waveguides.  The polyimide is etched by RIE just 

through the center contact for the microwave probes.  The etching surfaces are 

passivated by polyimide below the n-contact metal.  The width of polyimide is 

patterned so that the center pad of microwave probes will not touch the bottom 

contacts (p-metalization).  Two Picoprobe microwave probes are closely connected 

both ends of waveguide so that the measurement length is equal to the full 

mµ

 84



waveguide.  The microwave probes are connected with two V-connectors and 

microwave transmission lines.  A HP network analyzer is used to measure the s-

parameter.  The calibration is done by open, load and through testing circuits on a 

calibration substrate to shift the measurement points to the microwave waveguide.  

All the data are averaged 128 times in the frequency range of 45MHz to 50 GHz.  

Although this is not enough to investigate the frequency domain higher that 50 

GHz, it shows the trend of microwave propagation characteristics for different 

sizes.  It also allows us to extrapolate the speed of TWPD and optimize the device 

structure. 
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Figure 4.6. The S11 and S21 values at waveguide width, 
wc=1.5,.2, 4 and 6 µm, S11 (solid cureves from top to bottom),
S21 ( dash cureves from bottom to top)

 

The waveguide is 400 mµ  long.  Both n- and p- metalizations include an 

about 1.5 mµ thick Au to ensure a good contact for the microwave probe.  About 

100 nm thick intrinsic region (LT-GaAs region), n- and p- Al0.2Ga0.8As cladding 

layers are grown on a S.I. GaAs wafer.  Figure 4.6 depicts the S11 and S21 

parameters on these p-i-n waveguides at different waveguide widths (wc), which 
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are 1.5, 2, 4 and 6 mµ .  Generally, the S11 represents the reflection of the signal 

from one end of the 50  transmission line and the measured waveguide.  The 

reflection coming from the other end of waveguide can approximately be treated as 

a small reflection for a long waveguide.  The solid curves of Figure 4.6 indicate a 

low S11 values for narrower waveguides.  Because the narrower width waveguide 

has lower intrinsic capacitance, microwave impedance is increased as the width is 

decreased.  The S21 values (the dashed curves of Figure 4.6) show the microwave 

transmission through the waveguide.  The trend of S21 for different widths is that 

narrower waveguides have lower transmission losses, which increase for higher 

frequency.  Therefore, to get the lowest loss and reflection on the microwave 

performance, the best design is to make narrow waveguides.  The same trends were 

predicated in the Chapters 2 and 3. 

Ω

 In order to get more details on the propagation characteristics of 

waveguides, the microwave characteristics are extracted from the s-parameters [9].  

By using the s-values of Figure 4.6, the microwave field attenuation factors, 

microwave index and the waveguide characteristic impedance are plotted on 

Figures 4.7 and 4.8.  As shown in these figures, the flat region of index and 

impedance over the middle frequency region can be seen on the frequency range 

above 10GHz.  As mentioned in Chapter 2, the velocity and impedance can be well 

approximated by the inductance ( ) and the intrinsic capacitance (C ) in the 

microwave waeguide.  These two plots indicate that the narrower waveguides have 

the lower microwave loss, lower index, and the higher impedance.  The optimum 

conditions of TWPD structure should be impedance matched, velocity matched and 

have low microwave loss.  From Figures 4.7 and 4.8, the best choice of TWPD 

circuit is to make a narrow waveguide.  This is why it is necessary to use the 

narrow waveguide to reach a high bandwidth in reference [15]. 

L i
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4.1.3 Discussion: 

 As discussed in Chapter2, the calculated microwave index and characteristic 

impedance will diverge as frequency approaches to D.C. ( ω/1∝ ).  Similar 

behaviors also observed in the experiment (in Figures 4.7 and 4.8) mean that the 

transmission of microwave signal approaches infinitely slowly as at low frequency.  

It is not consistent with the measured photocurrent response in the low frequency 

[31].  The microwave wavelength is proportion to ω/1  as 0→ω .  As some 

points of low frequency, the scale of microwave wavelength is much longer than 

the device length.  For example, as seen in Figure 4.7, the wavelength at 1 GHz is 

about in the order of 10 , which is about two orders larger than the waveguide 

length.  At this point, the voltage and current along the device is almost position 

independent.  The behaviors of the lump-element are dominated in the signal 

transmission, rather than the wave phenomena.  In the practical points of views, the 

phase change due to microwave transmission of low frequency is small enough to 

mµ4
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easily make measurement inaccurate.  Therefore, the velocity mismatch or 

impedance matching are not important in the low frequency [32,33]. 
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To predict the photodetectors performance at frequency higher than 50 

GHz, the equivalent circuit model (Chapter 2) is used to calculate the propagation 

characteristics at frequency up to 1 THz.  The LT-GaAs intrinsic region and 

waveguide width is set to 100 nm and 1.5 mµ .  The bulk resistivity and the contact 

resistance are used in the measurements on the D.C. characteristics.  Figures 4.9 

and 4.10 plot the field attenuation, microwave index and impedance.  The dashed 

curves are the experimental results for a waveguide width of 1.5 mµ .  The 

theoretical results are in good agreement with the measurement.  The optical 

effective index is around 3.5 to 4.5, and the corresponding absorption length is 

below 10 mµ .  At 500GHz, the microwave loss for a 10 mµ  long device is about 

2dB loss, the microwave index is about 4 and the impedance is about 25Ω .  To fit 

the TWPD conditions, the waveguide width need be designed as one micrometer 
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wide.  The impedance of the output CPW line should be lower than 50  to lower 

the reflection at the output of the photodetectors. 
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Figure 4.11. The electrical sampling measurement.  The multiple
reflection from the  microwave probe and optical input.
The round trip time is around 25 ps.

 

4.2 The high speed measurement of photodetectors: 

4.2.1 Electrical sampling measurement: 

 Before doing the electro-opto measurements, an electrical sampling is used 

to do the first test of impulse response.  Compared to E-O sampling, the electrical 

sampling is a simpler check to see if the instrument limits the response of 

photodetector.  A mode-locked Ti-sapphire laser centered at 800nm generates the 

optical impulses.  In the electrical sampling setup, the optical excited signal is taken 

by a Cascade-microwave-probe with a bias tee (with bandwidth above 40GHz).  

Through a microwave cable, the probe is then connected to a HP sampling 

oscilloscope.  Typically, the bandwidths of the sampling oscilloscope, microwave 

cable, cascade microwave probe and the bias Tee are around 40 GHz.  If taking the 
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bandwidth as a Gaussian-like profile, then the impulse response due to the 

instrument is about 16ps FWHM. 

The material growth and device fabrication is following the process 

described in the Chapter 3.  The TWPD region is 10 mµ  long with 170 nm thick 

intrinsic region.  The n- and p- doped cladding layers are 600 nm thick 

.  Figure 4.11 plots the device impulse response shown at the sampling 

oscilloscope.  A 15ps FWHM impulse (the first peak) exhibits, briefly, an 

instrument-limited response.  The impedance of the output CPW lines is designed 

to be about 40 .  As shown, the strong echoes after the main signal are the 

reflections from the 50  microwave probe.  This 800

AsGaAl 8.02.0

Ω

Ω mµ  long CPW line means 

that the corresponding round-trip traveling time is about 25 ps. 

4.2.2 Electro-optic pump-probe measurement: 

 The electrical sampling technique is restricted by the electrical bandwidth of 

instrument once the photodetector response is up to several picosecond or 

subpicosecond (> 100 GHz).  The optical pump-probe technique is an another 

alternative way to implement the measurement.  By the optical pump probe 

technique, the measurement limitation is dependent on the optical pulse width.  Up 

to date, the mode-locked lasers with the subpicosecond or even much shorter are 

the common optical pulse sources for utilizing.  Therefore, if a method exists that it 

can convert the electrical signal to the optical probing pulses, a below 

subpicosecond regime measurement can be implemented. 

 With the birefringent crystals, the polarization of optical light will be 

changed by the applied electrical field [16].  The optical pulse can thus probe the 

electrical signal.  This is the so-called electro-optic pump probe measurement (EO 

sampling).  There are several kinds of crystals that have been applied to electro-

optic sampling.  For example, the GaAs, InP semiconductor material can be used as 

internal EO sampling [17].  There is, in this case, no need for other EO crystals.  
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However, the substrate should be transparent for the optical probe beam, or the 

bulk substrate needs to be removed [15].  This increases the complexity of process 

and the design.  The other kind of EO crystals, like LiTaO3 and LiNbO3, are also 

widely used since the high EO-coefficient can achieve high sensitivity [17].  By 

using these crystals, there are no other process is needed.  Table 4.2 lists the EO 

coefficient of different materials.  Comparing with the coefficient in the Table 4.2, 

the values of r33 and r51 of LiTaO3 and LiNbO3  are one order larger than GaAs’s or 

InP’s.  In order to improve the EO sensitivity, a LiTaO3 crystal is chosen as the EO 

sampling crystal in this measurement. 

Table 4.2, 

Material  Electro-optical coefficients (10-12m/V) 
GaAs r41=1.2 
InP r41=1.32 
LiNbO3 r13=8.6, r22=3.4, r33=30.8, r51=28 
LiTaO3 r13=7.9, r22=1, r33=35.8, r51=20 

The rij factors are the EO coefficient by the Pockel effects at different orientation of 

crystal and symmetry [16]. 

 To explain the principle of EO sampling, it is convenient to use the index 

ellipsoid [16]: 
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Where zyx ,,  represent the [100],[010] and [001] directions.  The ijn
)1

2(  are the 

values of impermeability tensor.  The index ellipsoid tells the constant energy 

surface described by the displacement values  )D ( E⋅= ε  and also the refractive 

index at different polarization.  In the EO material, the tensor ijn
)1

2(  changes 

linearly by the electric fields.  This is the Pockel effect.  That is, the variation by 
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the applied electrical field can be expressed by kijij Er
n

=∆ )1( 2

36×

 .  

There are three dimensions for expressing the electric fields and 6 dimensions (9 

values can be reduced to 6 due to symmetry) for the index ellipsoid.  Therefore, the 

tensor can be expressed by matrix.  In LiTaO

)3,2,1,,( =kji
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and the index ellipsoid equation: 
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where the values are listed in Table 4.2., is the refractive index at 

eigenpolarizations 

on

yx, axes (principle axises) with the D.C. applied electrical fields 

and  is at  axis. en z

 Figure 4.12 plots the schematic diagrams how the LiTaO3 crystal is placed 

on the top of output CPW lines for detecting the electrical signal.  The 

photogenerated microwave propagates in the x  direction.  The optical probe beams 

propagate towards the direction and reflect back for detecting the polarization 

changes.  The plane where the optical probe beam changes the polarization is on 

the 

y−

zx −  plane, so the value of  can be set as .  As shown in the Figure 

4.12(b) (the cross section of probe light), the probe light pulses pass through the 

EO crystal and experiences the index changes by the fringe fields near the edge of 

metal and then reflect back for the detection.  

y =y
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Figure 4.12(a) The LiTaO3 is placed on the top of CPW line 
                        with y-cut, x-direction propagation.
                  (b) Use the fringe field on the edge of metal to
                        detect the EO-sampling signal.

S.I. GaAs substrate

Probe light

LiTaO3

Pump light in

Probe light
xy

z LiTaO3

 
Therefore, the index ellipsoid can be simplified as: 
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Where the principle axes will change to new the ones  due to the factor of 

.  For simplifying the calculation of new axes, let’s check the order of 

magnitude of index change.  In the CPW line, assume the electrode gaps are 

',' zx

zxEr z512

mµ5  

with 10  applied voltage.  Also, assume that the maximum of EO-effect achieves, 

said .  The value of index ellipsoid change is about 

V

r = Vm /1035 12−×

5107 −×=E2

1 ⋅=∆ r
n

, which is much smaller than 1.  Hence, the new axes can be 

approximately expressed by a small angle θ  [18], which is in the order of 10  

(radius): 
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Figure 4.13 plots the schematic diagram of how the principle axes rotate due to the 

EO-effects. 

Figure 4.13. Principle axes change
due to EO-effect.  
X,Z : No electric fields.
X’,Z’ : with applied field.
X’’,Z’’ : the polarization beam splitter

x

z
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z’

z”
x”

θ

45o

Mode-lock laser

TWPD

Delay stage (τ)

EO-sampling

Photoreceiver

 Signal

τ

Probe beam

τ

Figure4.14. The schematic diagram of EO-sampling

Beam splitter

 

With the EO effects, the optical refractive indexes of the principle axes will 

change.  After the optical pulse passes through the crystal, the two 

eigenpolarizations will experience the phase change (retardation effects).  They are 

noted by zx nn δδ , , and the retardation effect Γ : 

)(
2
1

1322
3

zyox ErErnn +−−≈δ  

)(
2
1

33
3

zez Ernn −≈δ  

dynn zx ⋅−=Γ ∫ )(2 δδ
λ
πδ    on the EO crystal     (8) 

Generally, two ways to modulate the optical light by the EO effects are (a) 

rotating the eigen-polarization (by equation (7)) and (b) retarding the phase change 

between axes of x and  (by equation (8)).  (a) From the Equation 7, the negligible 

amount in the rotation of the eigen-polarization means that modulating the light is 

not efficient by this way.  (b) In the CPW lines, the  fields of microwave and the 

static applied field are almost zero.   exists only when the crystal is misalign or 

z

xE

xE
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the non-TEM microwaves propagation.  However, the EO effect ( equation (8)) 

on the phase change is the maximum value in crystal EO effects.  By reference 

[18], the high efficient optical phase modulation effects (retardation) on the  can 

be picked up by selecting the optical polarization shifting 45  from the principle 

axes (the x”-y” on the Figure 4.13).  The amplitude modulation transferred by the 

optical phase can thus be converted to photocurrent, i.e. 

33r

33r

o

Γ⋅= δophoton II         (9) 

The microwave signal is linearly related to the retardation and the detection current 

as well. 

 Figure 4.14 plots the schematic diagram of pump-probe electro-optic 

sampling flow chart and setup [19].  The electro-optic sampling technique is based 

on the optical pulses from the mode–locked laser.  As show in Figure 4.14, the 

optical pulses are divided into two pulses, where one is for pumping the 

photodetector and the other is for detecting the photogenerated electrical pulse.  

The pumping pulses couple into the photodetector and generate the electrical 

impulse response.  The electrical pulses pass through the EO-crystal and can 

consequently be converted to the different phase change of the optical probe beams 

on time, which is linearly proportion to the electrical pulse amplitude.  Once the 

probe beam is shifted by the time of τ , it will experience the phase change at time 

τ  and be converted to current on the output photoreceiver (Equation (9)).  Since all 

the energy conversion between optical and electric is linear relation, the 

photoreceiver can duplicate photodetector response if the optical pulse is much 

shorter than the electrical pulse, the photodector response can hence be measured. 
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Figure 4.15. The EO-sampling setup (coutesy of Dr. Siegfried B. Fleischer).
The PBS is orientated at 45ofrom the principle axes of LiTaO3. 
Fiber illuminator is for CCD and monitor . 
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Figure 4.15 shows the schematic electro-optical setup [19].  The pump and 

probe beams come from the Ti-sapphire mode-locked laser.  After the mechanic 

delay, the probe beam is chopped by an acoustic-optical (AO) modulator at 10MHz 

which is for eliminating the 1/f noise at low frequencies.  The half and quarter 

waveplates are used for choosing the optical polarization so that the circular 

polarization is generated and can probe the modulation phase changes by the 

microwave signal.  The output polarization beam splitter (PBS) is selected such that 

the principal axes are 45  angles to the LiTaO0
3 ones for obtaining the amount of 

phase retardation [18].  The output detection is the difference of two balanced 

photoreceivers.  The CCD camera and monitor are for pump and probe pulses 
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alignment.  A 50 GHz sampling scope is used to optimize the pump beam 

alignment. 

LiTaO3

The reflection points of probe beam 

Figure 4.16. The top view of the focus points of probe beam   
Microwave reflection from crystal boundaries

 

4.2.3 Electro-optic sampling results: 

 The TWPD structure under test is measured by EO-sampling.  The device is 

1 mµ  wide, 10 mµ long and has a 170 nm thick intrinsic region.  The optical 

excitation pulses for the EO-sampling measurement are from a mode-locked Ti-

sapphire laser operating at 800 nm with an about 100 fs optical pulse width and a 

100 MHz repetition rate.  An optical pulse energy of 0.3 pJ (not accounting for the 

coupling and reflection loss) is used for the optical excitation.  The laser is edge 

coupled into the optical waveguide.  After absorption of the optical pulse, the 

electrical pulse is generated in the TWPD and the microwave impulses are 

collected and propagate along the output CPW lines.  On the CPW lines, the EO 

sampling pump-probe signal is detected by the LiTaO3 crystal with 100 mµ  thick, 

y-cut orientation and x-direction microwave propagation (the principle is described 

in the Section 4.2.2).  The EO-crystal is placed upon the CPW line as shown in the  
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Figure 4.16.  The CPW line is made as mµ800  long such that the echoes from the 

output contacts of microwave probes can not effect the detection signal (the echoes 

are shown in the electrical sampling measurement, Figure 4.10).  As shown in the 

Figures 4.12 and 4.16, the optical probe beams are focused near the edge of CPW 

electrodes, on which the highest electric field density can yield the high EO-

sampling signal.  The different lengths of LiTaO3 testing on the x-direction are 

from mµ500  to mµ800 .  The crystal is long enough that the optical probe beams 

can focus on the different points of CPW lines region.  Therefore, the microwave 

propagation along the CPW lines can be traced by changing the probe beam 

positions. 

 To avoid the nonlinear effects on the device, such as carrier blocking, 

charge screen effects [20-23], the optical power is kept low such that the impulse 

response will not change as optical power varies, i.e., the device is operated at 

linear regime.  Also, to eliminate the carrier avalanche effects [24], the TWPD is 

operated at 3 to 4 V, which are far from the breakdown voltage (about 11V). 

 Two generations of TWPD are fabricated with the same processing.  The 

second one is to improve the misalignment between the p- and n-contacts that 

happened during the first generation [14].  Figure 4.17(a) plots the EO sampling 

signal results and Figure 4.17(b) shows the corresponding frequency response, 

which is the Fourier transform from (a).  The FWHM is around 1.1 ps and the –3dB 

bandwidth microwave power drop is around 370 GHz.  The speed significantly 

overcomes the device performance limited by carrier transit time [25]. 

 99



0 1 2 3 4 5 6 7

O
pt

ic
al

 im
pu

ls
e 

re
sp

on
se

(A
.U

.)

Time (ps)

FWHM~1.1 ps

Figure 4.17a. The time response of the first generation TWPD
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In Figure 4.17(a), the signal has about 2 to 4 ps of decay time before and 

after the peak value, which is not consistent with the corresponding carrier lifetime 

(~300fs).  The processing, the intrinsic material itself and the electro-optic 

measurement may influence the device performance.  During the processing, a 

considerable misalignment between the n- and p- contact metalization is found in 

every device in the first generation.  To examine the accuracy of EO-sampling 

measurement, the second generation is fabricated for the comparison with the first 

one.  In the second generation, the same wafer and process techniques are used.  

The photolithography for the n- and p- regions is improved.  As shown in the 

Figure 4.18(a), the electro-optical impulse response exhibits a 570fs FWHM (top 

curve).  After correction by optical pulse width (150fs autocorrelation pulsewidth), 

the pulse has a 530 fs FWHM.  Their corresponding Fourier transform bandwidths 

shows 520GHz (measurement) and 560GHz –3dB bandwidth (correction).  In 

contrast to the results from the first generation, the signal is clearer and also the 

device performance is improved by around 50%.  Thus, the slower response in 

Figure 4.17(a) is mainly caused by the parasitic capacitance, which results from the 

misalignment between n- and p- contacts. 

In the regime of the subpicosecond response, the high dispersive effects of 

transmission lines may be the considerable effects on the time signature of device 

response and the accuracy of the EO sampling technique.  The electrode gap in the 

CPW line is about mµ5 .  In the typical transmission line, the dispersion effects due 

to the substrate and EO sampling crystal can be defined on a critical frequency 

[26]. 

14/0 −= relc scf ε        (10) 
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where relε  is the relative dielectric constant,  is the gap between electrode and  

is the light velocity in vacuum.  Above this critical frequency, modal dispersive 

effects due to higher order modes become significant.  So, the time signature will 

s 0c



change as transmitting along the CPW line.  However, below that, the modal 

dielectric constant can be treated as frequency independent.  The material 

surrounding the CPW metalization is GaAs ( relε = 13.2 in the microwave region), 

and LiTaO3 ( relε = 43 in the microwave region), in that their corresponding modal 

critical frequency are around 5 and 2.5 THz respectively.  The measured signals we 

obtained are, however, slower than these.  Moreover, to further minimize this kind 

of microwave dispersion effects (pulse broadening and chirping), the measured 

response is obtain as close as the photodetector output. 
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Figure 4.19. The pulse evolution at different position from
 the photodetector on CPW lines.

m

 The other factor that might influence the EO-sampling measurement is the 

microwave reflection on the zone boundaries of LiTaO3, as shown in the Figure 

4.16.  Due to the high dielectric constant ( relε =43) of LiTaO3, the modal 

microwave index and impedance will change.  The reflections from the crystal 

boundaries will interfere with the signal.  From the EO-sampling data, however, 

there is no evidence showing these effects.  For example, Figure 4.19 plots the 
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measured EO-sampling data at different positions on the CPW lines.  The positions 

are measured from the photodetector facet to the probe beam spots.  The LiTaO3 is 

around mµ550  long.  As shown, the EO-sampling signature at mµ58  has another 

small peak at around 22.5 ps from the main pulse.  This echo is consistent with the 

echo time delay (~25 ps) on the electrical sampling measurement (in Figure 4.11).  

This means that electrical pulses experience the same propagation speeds in either 

the CPW line with LiTaO3 on the top or with air (the electrical sampling 

measurement).  Additional test is shown in Figure 4.20, which shows the measured 

EO sampling positions along the CPW line and the pulse delay time.  From the 

slope of Figure 4.20, the propagation index of electrical pulse can be estimated.  On 

CPW line, the microwave velocity can be approximated 

GaAs

2
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Figure 4.20. The pulse evolution on the CPW lines
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The index extracted from Figure 4.20 is about 2.2, which is close to the value of the 

CPW line without the EO crystal.  Even though the LiTaO3 has a much higher 

dielectric constant than GaAs, the EO crystal is only resting on the GaAs and an air 

gap of several microns between the crystal and the GaAs is to be expected.  Such a 

gap will decouple the waveguide mode from the crystal because of the small 

electrode separation of only mµ5  used for the samples.  The crystal effects on 

microwave propagation are minimal. 

4.2.3 Discussion of EO-sampling results: 

 In the previous section, the effects of LiTaO3 application on the EO-

sampling measurement are presented.  The results were used to calculate the device 

speed up to above several hundred GHz.  The speed of the LT-GaAs p-i-n TWPD 

was tested and the device shows promise as a high-speed photodetector.  However, 

there are remaining questions about the device performance.  What is the limitation 

of LT-GaAs p-i-n TWPDs?  Is it coming from the material itself or the circuit?  

Several factors affect the impulse response of traveling wave photodetectors, 

namely microwave loss and dispersion in the microwave transmission line, 

impedance mismatch, reflection in the optical input and the basic material response.  

In this section, the data measured by the EO-sampling is analyzed to investigate the 

TWPD circuit.  Also, the distributed effects (chapter 2) are used to simulate the 

measurement in order to thoroughly understand the TWPD properties. 
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 First, the p-i-n transmission line effects should be analyzed.  In Chapter 2 , 

the model distributed photodetectors is adopted to calculate the device speed 

performance.  Equation 2.10 shows the total device performance including the 

velocity mismatch between optical wave and microwave signal, the reflection, the 

microwave loss and the material properties.  To isolate the microwave propagation 

effect, the distributed effects and optical absorption should be eliminated.  This can 

be done by comparing two different lengths of TWPDs.  Here, mµ10  and mµ25  

long devices are fabricated on the processing and measured.  The same D.C. 



external quantum efficiencies are measured for these two devices, indicating that 

the absorption length is below mµ10 .  Therefore, comparing the two frequency 

responses, the propagation constant can be solved using the expression: 

(( f− α

µ

mµ25

))())()exp())(exp(
)(
)(

2121
2

1 llfjll
fV
fV

−⋅+=−⋅−= βγ   (12) 

where ,  are the frequency response of device 1 and 2, l  and are the 

lengths. 
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Figure 4.21. Comparision of different lengths of devices

 Figure 4.21 plots the EO-sampling results of both devices with the 

pulsewidths of 620fs (top curve,  long) and 570fs (bottom curve, mµ10 long) 

respectively.  Both performances show a very similar and fast rise time, but the rear 

parts of pulses show quite different falling times.  A longer decay tail is found on 

the mµ25  long device.  The main reasons for the difference are the microwave 

field attenuation and the dispersion, since the only difference between two devices 

is the waveguide length.  By applying Equation 4.12, the microwave loss and 

dispersion curves as a function of frequency can be calculated.  They are shown in 

Figure 4.22. 
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 The optical group index is around 3.5.  The velocity mismatch (walk-off) 

factor ( ) is below 0.4 ps for the longer device at the 

frequencies above 5GHz.  Considering that the tail is approximately 3 ps long, we 

see that the velocity mismatch is not the main reason for the slower speed of the 

)(/// oeooe nnclvlvl −⋅=−

mµ25 device. 

 As shown in Figure 4.22, the attenuation of the microwave signal is around 

 for the regime from 100 GHz to 1 THz.  The corresponding microwave 

loss should be about –1.7dB and –4.3dB for 

102.0 −mµ

mµ10 , mµ25  lengths respectively.  

Allowing a –3dB bandwidth penalty, the only way to exceed terahertz bandwidth is 

to make the device length shorter than mµ20 .  The bandwidths from these two 

measured impulses are found to be around 520GHz and 340GHz.  The microwave 

attenuation is thus one of the main limiting factor. 

 The impedance mismatch may be the problem.  The waveguide is about 30 

ohm at frequencies above several GHz.  The output CPW line is designed as  Ω35
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to 45 .  The output reflection will be from 10% to 20%.  As shown in Figure 4.22, 

the microwave index ranges from 3 to 7.  Because the optical input end is 

equivalent to an open circuit, and taking into account the reflection from the output 

CPW line, we find that the corresponding round trip time is ranged from 0.1 to 0.4 

ps with an amplitude smaller than 20% of the main pulse.  This means that the 

output received pulses from the two internal reflections in the waveguides are 

shorter than 1ps within 4 % of the main pulse strength.  Taking into account the 

loss effects, the amplitude is even less.  In this case, the multiple reflections due to 

impedance mismatch can be neglected. 

Ω

m

m

To realize the material response, the calculated bandwidth dependence as a 

function of the velocity mismatch ration (v , microwave velocity to optical 

velocity) is plotted in the Figure 4.23.  The waveguide is assumed to be 1

om v/

mµ  wide, 

10 µ  and have a 170nm thick intrinsic region, which are the best conditions on 

the design (Chapter 3) and the measured EO-sampling results.  The top curve of 

Figure 4.23 shows that an ideal TWPD (no loss, no dispersion, no reflection at the 

photodetector boundary and carrier lifetime is assumed to be zero) gives optimal 

performance when the velocity matched (v ).  However, while considering 

the carrier lifetime effects, the response is almost flat over a large range of velocity 

mismatch ( ).  And the –3dB bandwidth is only dependent on the 

carrier lifetime over the range of 100fs to 400fs, which is the range of the carrier 

lifetimes obtained from the same growth conditions of LT-GaAs.  The loss, 

dispersion and reflection (dashed curves) also have only minor effects on this 

10

1/ =om v

1~5.0/ =om vv

µ  long device.  The experimental result (the “*” point) is quite consistent with 

the theory and the discussion in this section. 
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To examine the RC-time constant effects, Figure 4.24 summarizes the 

calculated impulse response as a function of the effective carrier lifetime.  The RC-

imposed bandwidth is shown on the bottom of Figure 4.24 (triangle), for a 

vertically illuminated structure with the same active area and the intrinsic region 

thickness.  The measured result is marked with a “*” point in Figure 4.24.  

Compared to a RC-limited lump element photodetector, the significant 

improvement in the bandwidth of the TWPD indicates that this RC-limitation is 

overcome in TWPD.  Instead, the limitation is from the carrier lifetime. 
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Figure 4.25. The calculated impulse response at 
different effective carrier lifetime 

Waveguide width = 1µm
Intrinsic region=170nm

 

Figure 4.25 plots the calculated impulse responses at different effective 

carrier lifetimes.  It can been seen is that the shorter carrier lifetime obtain narrower 

pulsewidth.  The carrier lifetime is around 250fs to 300fs in the LT-GaAs material, 

using these values the calculated pulse width is around 550 fs, which is in good 

agreement with the measured results.  The carrier transit time across the intrinsic 

region (170nm) is around 1.5 ps (the saturation velocity is assumed 10 )[27].  

Defining this carrier sweep time, the calculated TWPD response is shown as a solid 

scm /7
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line in Figure 4.25.  A 1.5 ps FWHM (about 200 GHz bandwidth) is obtained, 

which is quite consistent with the experimental results from Giboney’s GaAs-

TWPD [15].  In contrast to the carrier lifetime limit TWPD, the TWPD shows only 

a small improvement over the RC-limitation (Figure 2.24).  However, by utilizing 

LT-GaAs with a traveling wave structure, this photodetector is shown to have an 

advantage over the RC-limited device. 

4.3 The bias dependence response: 

 Figure 4.26 shows the bias dependent response.  The breakdown voltage of 

the photodiode is around 10 V.  The reverse bias applied is 1v to 7v to prevent the 

carrier multiplication in the high field region.  As shown in the Figure 4.26, the 

pulsewidths and the tails do not change significantly from low bias to high bias 

voltage.  It is found that the FWHM of between 520 and 540 fs is almost constant 

within the accuracy of measurement.  This behavior is not like that of carrier 

transit-time photodetectors [25,28].   

In general carrier transit limited photodiodes, broadened pulses and slow 

tails will be observed at lower bias, which is attributed to the carrier blocking in the 

heterojunction [28,30].  With increasing bias, the tail becomes smaller due to the 

increase in the hole velocities.  At higher bias (below breakdown), the pulses will 

also broaden due to the increase in depletion region width.  However, in this 

experiment, there is almost no difference found in the bias dependent 

measurements.  The difference from the carrier transit limited photodetectors is that 

the LT-GaAs is used for carrier trapping limitation.  The photogenerated charges 

recombine in the defect center of the LT-GaAs.  The charges will be trapped before 

they are swept out of the intrinsic region at the drift velocities.  So, the 

heterojunction trapping effects at lower bias and the longer transit time due to the 

longer intrinsic region at high bias will be small.  This is one evidence that the 

speed mechanism of the LT-GaAs TWPD is dominated by the high carrier 

recombination rate. 
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Figure 4.26. The bias dependent EO-sampling response
 

4.4 The power dependence response: 

 Figure 2.27 shows the power dependence of the measured detector 

response.  In the linear or low excitation regimes, the corresponding 

photogenerated charge is around 10  (1.0W optical peak power), the photocurrent 

shows a subpicosecond response due to the fast photocarrier trapping in the LT-

GaAs.  As the optical power is then increased gradually, the signal shows an initial 

fast response similar to the low excitation regime.  A slower pulse with a few 

picoseconds duration then follows the fast pulse.  This behavior is quite similar to 

the performance of TWPD with GaAs active region [15].  Under the high power 

excitation, the space charge effects will build up and collapse the electric field 

applied by the external bias [20-23,30]. 
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 Figure 4.28 plots the corresponding –3dB bandwidth with the optical 

excitation charge of the impulse response shown in Figure 4.27.  The bottom curve 

is the data from Giboney’s [15], which is measured from the GaAs-TWPD.  The 

low excitation exhibits two different speeds attributed to two mechanisms, carrier 

trapping time and transit time limitation.  Another discrepancy is the threshold 

points (LT-GaAs and GaAs have the values around 10 and  respectively) 

for the nonlinear saturation effects.  Generally, the LT-GaAs photodetectors 

inherently have low quantum efficiency due to high carrier recombination rate 

(Equation 3.1).  However, in Figure 4.28, the LT-GaAs TWPD exhibits a saturation 

power about six-time higher than that of the GaAs-TWPD.  The operation of the 

LT-GaAs TWPD can be implemented with a higher pumping power to compensate 

for the low quantum efficient and still have a higher bandwidth than the GaAs-

TWPD. 

fc fc60

e-1

h+

Light

e-1
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Figure 2.29, the schematic diagram for trapping saturation effects
Low excitation power High excitation power

 

 At low power, the GaAs detectors showed a bandwidth of 170GHz [15].  

The bandwidth for LT-GaAs drops below 170GHz for a photoexcited charge of 

~ .  Both GaAs and LT-GaAs devices have the same thickness in the intrinsic 

region.  This indicates that for an excitation level above ~  the traps are filled 

and the detector becomes carrier transit limited.  As the power excitation increases, 

the high recombination effects turns to be charge screening dominated and then 

fc500

fc500
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transit-time limited.  The schematic diagram, Figure 2.29, explains this.  The 

defects are saturated as the optical power density increases due to the limited defect 

density in the LT-GaAs material.  A few experiments by the pump-probe 

measurement on LT-GaAs also observed the similar behaviors [31-33].  From the 

threshold point in the curve of figure 2.28, the corresponding trap density is around 

, which is consistent with the value given in [30]. 317108 −× cm

 With the power dependent EO-sampling measurement, the high-speed 

performance of LT-GaAs TWPD is understood to be limited by carrier trapping 

effects at low excitation density.  At high density pumping, the carrier transit effect 

dominates due to the trap density filling. 

4.5 Summary: 

 In this section, the high-speed responses of traveling wave photodetectors 

are presented.  The D.C. and A.C. performance of LT-GaAs p-i-n waveguide is first 

characterized to evaluate the traveling wave circuits.  Then, the impulse responses 

of the TWPD were measured by the electro-optic sampling technique.  To gain 

more insights into the TWPD structure, a distributed photodetector model was used 

to simulate the detector response and obtain a good agreement with the 

experimental results.  From the bias dependence and power dependence, and the 

calculated distributed effect analysis, it is found that this kind of photodectors is 

limited by the carrier trapping time in the LT-GaAs. 
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Chapter 5  

Long Wavelength Detection 

 For optical fiber communications, the wavelengths widely used are in the 

range of 1.3-1.6 mµ .  Most commercial optical receivers in this long wavelength 

range are based on the GaInAsP material.  Progress in commercial development of 

InP-based integrated receivers or electronic circuits is slow.  On the other hand, the 

AlAs/GaAs material is a well-developed material and such photodetectors have 

been integrated with high performance integrated circuits.  However, its higher 

bandgap (1.42eV, mµλ 78.0< , short wavelength absorption) restricts the 

application to datacom communication only (short wavelength).  The defect states 

and As metallic formation in the LT-GaAs are found to be around 0.6~0.7 eV 

below the conduction band edge [1~3].  For these kind of sub-bandgap states, the 

optical absorption has been observed at 1.3 and 1.55 mµ  [4,5].  Figure 5.1 draws 

the schematic plots of how the short wavelength (left) and long wavelength (right) 

is absorbed in LT-GaAs. 

e-

h+

Figure 5.1. The schematic plots of long wavelength (right) and
short wavelength (left) light absorption

Band to band transition Subbangap transition by defects

Eg≥ωh

e-

Eg<ωh
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LT-GaAs has been used to make high-speed photodetectors with 

bandwidths up to ~0.5 THz at 800 nm wavelength (described in the chapter 4).  

Also, a subpicosecond carrier trapping time at long wavelength was observed in 

reference [6].  LT-GaAs material thus has the potential to be used in high-speed 

photodetectors at long wavelengths.  Reference [4,5] have shown that the long 

wavelength light can be absorbed in the LT-GaAs MSM structure, but a low 

quantum efficiency ( ≈  ) is obtained due to the low absorption 

coefficient and high carrier recombination rate.  In contrast to the top-illumination 

detectors, the waveguide structures can be designed more flexibly. Before this 

work, high-speed performance of LT-GaAs photodetectors at long wavelengths had 

not been investigated.  In this chapter, improving the efficiency and maintaining the 

device speed are the main points described. 

50. W/mA

 The quantum efficiency of photodetectors can be expressed by equation 3.1.  

which is : 

   
t

llo
g t

t
eq

h
p

⋅−⋅⋅
⋅

⋅= ⋅⋅Γ− )1( α

ν
ηη      (5.1) 

Quantum efficiency in the LT-GaAs is generally low due to the low carrier trapping 

time ( t ).  The absorption coefficient of LT-GaAs at long wavelength is small [7], 

which is below .  Typically, the thickness of the LT-GaAs layer is about 

0.1 to 1 

l

11.0 −mµ

mµ .  That is, less than 10% of optical power is absorbed to generate 

current in the vertical-illumination type detectors.  This is the reason why the 

quantum efficiency in reference [4,5] is about three orders less than the band-to-

band transition photodetectors. 

Although the material absorption coefficient α  is low in LT-GaAs, a 

waveguide structure can be used to improve the factor of l⋅Γα  by increasing the 

device length.  Also, the speed of waveguide photodetector can be optimized by the 

TWPD structure. 
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5.1. Characteristics for short length device : 
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Figure 5.2. The photocurrent with bias at different wavelengths:820nm (left), 

1540nm (right) 
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 All the material growth and device fabrication are described in chapter 3.  A 

photodetector with dimensions of mµ2 width, mµ35  length and 170 nm thick 
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intrinsic region is fabricated.  Figure 5.2 plots the photocurrent as a function of the 

reverse bias at long (1540 nm) and short (820 nm) wavelengths.  Three different 

orders of optical power are used to excite the photodetector.  The long wavelength 

measurement exhibits about one order less photocurrent than the shorter one.  As 

mention in Chapter 4, the 800 nm optical power is almost absorbed below mµ10 .  

That means the absorption length at 1540 nm should be much longer than mµ35 .  

Photocurrents for different lengths of devices are used to extract the optical 

absorption length.  Figure 5.3 plots the photocurrent as a function of waveguide 

lengths.  A linear relation between photocurrent and device lengths indicates that 

the absorption length is much longer than the device’s (equation 5.1).  The optical 

coupling efficiency and the Fresnel reflection between the fiber and waveguide 

facet are about 10% and 0.3.  The carrier lifetime is assumed to be 300 fs (it is 

based on the results of Chapter 4).  Using Equation 5.1 and the data from Figure 

5.3, the modal optical absorption is approximately 110 .  The corresponding 

absorption length is about 100 

1−cm

mµ . 
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Figure 5.4 shows the D.C. photocurrent at different power levels.  In 

contrast to 820 nm illumination, the photogenerated current at 1540 nm exhibits a 

non-saturation power above 2 mW (linear relation).  The reason for this is that the 

D.C. saturation problems (e.g. carrier diffusion and high recombination rate) at 

high pumping power will be diminished due to the low absorption coefficient at 

long wavelength regime [7]. 

Probe

Laser Diode
DUTEDFA filter

@1540 nm

CW laser input
Modulated optical light

Single mode fiber
Microwave cable

Frequency response

Figure 5.5.  Frequency response measurement

@1540 nm

HP8703

 

 In the A.C. performance, Figure 5.5 plots the schematic of the high-speed 

measurement [8].  An optical component analyzer (HP8703A, 0.13 MHz ~20 GHz) 

is used to measure the high frequency response.  First, the component analyzer, the 

microwave cable and the single mode fiber are calibrated.  The external tunable 

laser diode is at 1550 nm.  After modulation by the component analyzer, the optical 

light is amplified by an erbium-doped-fiber-amplifier (EDFA) to obtain a higher 

power.  Before edge-coupling into the waveguide, the light source passes through a 

filter centered at 1550 nm to get rid of some short wavelength light generated by 

the EDFA, for example 980nm.  A Cascade microwave probe with > 40 GHz 

bandwidth collects the microwave signal. 
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Figure 5.6 shows the photocurrent frequency response of a mµ35  long 

device.  A flat response (only 2 dB variation) is observed from D.C. to 20 GHz.  

Obviously, the speed is limited by the instrument.  An external quantum efficiency 

of 0.1% is measured.  Different power levels of excitation ( 0  ) show 1175 ~. mW
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the identical responses.  As seen in Figure 5.7, the excitation microwave power 

reveals a quadratic relation with optical power at 20 GHz, indicating that the 

photocurrent has a linear dependence on the optical power up to 20 GHz. 

In the high-speed performance, the charge screening effects dominate the 

power saturation problem.  The high concentration of charges pumped by high 

density of optical power will build up an electric field collapsing the applied 

electric field.  Therefore, the response will degrade in high pumping power.  

Figures 5.6 and 5.7 show that LT-GaAs photodetectors (at long wavelength 

absorption) inherently have a high saturation power due to the low absorption 

coefficient. 
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5.2 Long device performance 

In the previous section, a device with short length ( mµ35 ) had a bandwidth 

above 20 GHz, but a low quantum efficiency was obtained.  The low efficiency is 

due to the short waveguide length.  To increase the quantum efficiency, a longer 

waveguide is designed.  This photodetector is mµ2 wide and mµ350  long (350 nm 

thick LT-GaAs ).  A 1% quantum efficiency is obtained.  As seen in Figure 5.8, the 
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frequency response has around –4 dB rolloff from D.C. to 20 GHz.  The solid curve 

is the theoretical calculation, which agrees quite well with the experimental results.  

One important fact is that the response for different powers still does not show any 

nonlinear (power saturation) effects up to 20 GHz. 
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The distributed photodetector model (in Chapter 2) is used to calculate the 

total photodetector frequency response.  The microwave loss and dispersion of 

transmission line is included in the model.  A 300 fs carrier trapping time is 

assumed.  The calculated response shows little dependence on the carrier trapping 

effect for a change from 100 fs to 1 ps.  This reveals that the trapping time is not 

the bandwidth-limiting factor. 

Let’s examine other factors affecting the speed.  Figure 5.9 plots the 

measured microwave loss and dispersion curves.  The measured microwave loss 

has an about 3.5 dB loss at 20GHz for a 350 mµ  long device.  The velocity 

mismatch factor ( ) is about 0.6 at 20 GHz.  The optical absorption length is 

about 

om vv /

mµ100 .  The pulse broadening by the walk-off problem is around 5 ps 
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(chapter 2).  This indicates that the loss and velocity-mismatch are responsible for 

high-speed performance in the mµ350

ect mode
ap. (b) sch

 long device. 

EF

nning

Ec

Ev

5.3 Bias dependent efficiency 

 Photodetector efficiency depends on the ratio carrier trapping time to carrier 

transit time (Equation 5.1).  By applying high enough voltage to saturate the carrier 

velocity, a general photodetector will get a flat D.C. photocurrent above that bias 

voltage.  As shown in Figure 5.2, the photocurrent in LT-GaAs material shows a 

considerable dependence on the bias.  Since the frequency response has the same 

speed performance over the applied voltages (carrier trapping limit dominated, 

Chapter 4, Figure 4.26), the carrier trapping rates should have little dependence on 

the bias voltage.  The reason for causing a bias-dependent photocurrent is the 

carrier transit time effects, i.e. the carrier velocities in LT-GaAs. 

Figure 5.10, (a)LT-GaAs def l, the deep donors and shallow acceptors force 
Femi-level pinned near midg ematical energy band diagram of p-i-n and 
n-i-n structure

(b)(a)

: electron
  : empty states

 

LT-GaAs Fermi-level pi

Donor

Acceptor

p-i-n structure

EF

Thermal equilibrium

n-i-n structure

Bias

 The slow carrier velocities are mainly due to the low electric fields built in 

LT-GaAs.  A simple model is used to explain this.  Figure 5.10(a) shows a 

schematic diagram of point defects model for the LT-GaAs material [1,2].  Due to 

excess-As during the growth of LT-GaAs, deep donors (anti-sited As defects) and 
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shallow acceptors (Ga-vacancy) exist in the material.  The midgap donors are 

partially compensated by the small amount of shallow acceptors so that the Fermi-

level is pinned near the midgap.  The band diagram for when the LT-GaAs is 

grown in the p-i-n structure is shown in the figure 5.10 (b) (left).  Owing to the 

Fermi-level pinning, the built-in voltage is almost at the junction of n and p doping 

side.  The p-i-n structure acts like a back-to-back reverse p-n diode.  With applied 

voltage, most of the voltage drop is on the p-i and i-n, so that only small electric 

field is on the bulk LT-GaAs material.  The photocurrent is thus strongly dependent 

on the bias.  To eliminate the problem of LT-GaAs junction, a n-i-n structure is 

proposed to solve this problem.  The schematic band diagram of n-i-n is shown in 

Figure 5.10(b) (right).  The junction n-i resembles a forward bias diode while 

applying a bias.  The voltage on this junction needed is only about 0.7 V.  The 

voltage can thus be efficiently applied on the LT-GaAs material. 
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Figure5.11. N-i-n and p-i-n photocurrent responsivity with bias voltage
 

 A p-i-n and n-i-n are compared to examine the difference.  The structures 

have the same material growth and processing except the top contacts and top 

doped layers (one is n- type, the other is p-type).  A 100 nm LT-GaAs layer is 
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grown.  A mµ3  wide and mµ250  long waveguide structure is fabricated.  The 

D.C. photocurrent is obtained by coupling optical power into the waveguide 

through a fiber and an optical lens.  The responsivity of n-i-n and p-i-n are shown 

in the Figure 5.11.  The significant difference is that the efficiency of p-i-n is about 

one order less than that of n-i-n.  From the optical transmission measurement, the 

optical coupling loss is around 5 dB yielding the internal quantum efficiency of 

about 5% at bias 4 V.  The A.C. performance is measured by the setup shown in 

Figure 5.5.  Figure 5.12 shows the frequency response.  A –3 dB bandwidth of 17 

GHz is obtained. 
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5.4. Carrier transport effects at high electric field 

 The problem of the interface voltage drop between p-GaAs and LT-GaAs 

(Section 5.3) can be solved by the n-i-n.  By using this structure, it is useful for the 

study of carrier transport in LT-GaAs.  Figure 5.13 shows the photocurrent (solid 

curve) and dark current (dashed curve) of a 3 mµ  wide and 100 mµ  long LT-

GaAs n-i-n photodetector.  The active region (LT-GaAs) is 250 nm thick.  The 

optical wavelength is 1550 nm.  Both of the photocurrent current and the dark 
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current vary a factor of ~10 from 2V to 8 V.  The dark current flow of the n-i-n 

structure has been studied in the reference [2].  In the model of reference [2], the 

carrier-emission rate increases due to the phonon-assisted tunnel ionization of traps 

[9] and the Poole-Frenkel effect [10] in the high electric field.  The enhanced 

carrier-emission rate causes the steep increasing of the conduction current at the 

high electric field. 
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Figure 5.13. The photocurrent and dark current of n-i-n structure. 
                   The i-layer is 250nm thick LT-GaAs. 

 
This model can also explain the behaviors of photocurrent with bias.  

Equation 5.1 gives the quantum efficiencies of photodetectors.  They are three 

factors that could influence the efficiency.  They are (1) optical model absorption 

coefficient ( αΓ ), (2) the carrier transit time and (3) the carrier trapping time.  (1) 

By comparing different lengths of devices, it was found that the optical modal-

absorption coefficient ( αΓ ) is about 50 mµ  at the bias of interest (2~8 V), which 

indicates that the amount of optical light absorbed in the waveguide is the same.  

(2) The electrical field  to saturate the carrier velocity requires about 2.5 V 

bias (10 kV/cm) [2,11].  The carrier transit time across the intrinsic region is 

satE
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constant above .  (3) Once the electrical field becomes higher, the carrier-

effective trapping time becomes longer due to the field-dependent emission rates. 

Consequently, from the discussion of (1) to (3), the quantum efficiency will 

increase due to the decreasing of carrier trapping time. 
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 As shown in Figure 5.13, the dark current shows an abrupt rising at about 

10.5 V.  The speed performance on the bias is measured to examine this effect.  

Figure 5.14 shows the frequency response at different biases.  Below 8 V the n-i-n 

photodetector exhibits the same behaviors.  The flat frequency response shows a 

high-speed performance similar to Figures 5.8 and 5.12.  However, above 8 V, 

another pole comes out at the frequency ~1 GHz (3 dB drop).  The reasons for the 

abrupt change of D.C. current and the slow response for above 8 V are still not 

clear.  It maybe comes from the carrier multiplication at the high electric fields, so 

the carrier built-up time limits the frequency response.  Probably the processing 

from the Poole-Frenkel and the phono-enhanced emission effects on the defects 

limits the speed.  Or, the trap filling effect [12] increases the loaded capacitance. 
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Figure5.14.  The frequency response of nin structure at different bias.
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5.5 Discussion and Summary: 

 In this section, the long wavelength detection in LT-GaAs for D.C. and 

A.C. perfomance is present.  The considerably high external-quantum-efficiencies 

of 0.1% to 5% are obtained in several kinds of WGPD structures.  The low 

efficiency is due to short carrier trapping time and a low absorption coefficient.  By 

increasing the waveguide lengths, the efficiency can be improved by one order 

(from 0.1% to 1%).  The power dependent measurement exhibits that the non-

saturation properties of LT-GaAs are due to the low absorption coefficient.  This 

means that a high current level can still be obtained by pumping higher optical 

power.  Comparing to the p-i-n structure, the n-i-n LT-GaAs photodetectors can 

overcome the problems due to the LT-GaAs junctions. 
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Chapter 6 

Conclusion 

 A novel low-temperature grown GaAs (LT-GaAs) p-i-n traveling-wave 

photodetector (TWPD) has been successfully designed, fabricated and measured.  

A distributed photodetector model is used to optimize and design the traveling 

wave structure.  The measured electro-optic sampling results reveal that this kind of 

traveling wave photodetector is limited only by carrier-trapping time in LT-GaAs.  

A record bandwidth (560 GHz) is demonstrated. 

 Long wavelength absorption has been measured in the LT-GaAs material 

due to the midgap defects and As precipitates.  A long waveguide photodetector is 

fabricated to enhance the quantum efficiency.  A 1% efficiency is obtained.  Long-

wavelength absorption and high-speed (above 20 GHz) GaAs-based photodetector 

was also demonstrated. 

6.1 Summary 

 The interest in fabricating a LT-GaAs traveling-wave photodetector 

originates from the transit-time limitation of the conventional photodetectors.  The 

transit time across the intrinsic region is inherently related to the geometry of the 

photodetectors.  The inevitable trade-off between the transit-time limitation and the 

RC-response in either vertical-illumination or waveguide structures makes it hard 

to surpass 200 GHz bandwidth for GaAs or InGaAs material.  One alternative 

choice is using LT-GaAs material.  The material response will be dominated by the 

high carrier recombination rate in LT-GaAs instead of carrier transit time. The 

transit time limit is eliminated.  The material and circuit responses can be 

optimized independently. 

 Traveling-wave photodetectors (TWPD) are one kind of waveguide 

photodetectors (WGPD).  In TWPDs, the waveguide impedance should match the 
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load circuit to minimize the microwave reflection at the boundaries.  The RC roll-

off frequency can thus be avoided.  In contrast to top-illumination devices, the total 

photocurrent response is collected by the fully distributed photodetectors excited by 

optical wave traveling along the transmission line.  The optimum performance is 

when the optical velocity matches the microwave velocity. 

 A distributed photodetector model is analyzed to realize the TWPD 

performance.  An equation in the frequency domain is used to describe the 

distributed effect, in which the optical and microwave loss and dispersion, and the 

reflection in the optical input are involved.  An equivalent circuit model is applied 

to calculate the microwave propagations in the hybrid-coplanar waveguides.  The 

bandwidth limitations for velocity mismatch, microwave loss and reflection effects 

are discussed.  It is found that the highest bandwidth is achieved not only when 

velocity and impedance are matched, but also when the microwave loss is least. 

 In the circuit and material design, the distributed photodetector model is 

used to optimize the waveguide geometry.  Considering the material and the 

microwave propagation, one microwave wide waveguide is found to be the best 

choice.  A 170 nm thick depletion region (LT-GaAs) is determined by optimizing 

the bandwidth-efficiency product. 

 A 530 fs FWHM of impulse response is obtained and the corresponding –

3dB bandwidth is 560 GHz.  By the power and bias dependent measurement, the 

high-speed performance is found to be carrier trapping limited in LT-GaAs. 

 Long wavelength (1300nm~1550nm) absorption was measured in the D.C. 

and A.C. characteristics.  A quantum efficiency of 1% was obtained in a mµ350  

long device.  An 18 GHz bandwidth was measured in this device.  The calculation 

by the distributed photocurrent model reveals that the bandwidth is due to 

microwave loss in long device. 
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6.2 Future work  

p-Al0.2Ga0.8As
p+-GaAs

p-Al0.2Ga0.8As
LT-GaAs

n+-GaAs
n-Al0.2Ga0.8As

p-Al0.2Ga0.8As

Figure 6.1. Insert a thin p+-GaAs on the bottom p-cladding layer 
                  for improving ohmic contact.

:Metalization

 

6.2.1 Contact resistance 

 As discussed in the Chapter 4, microwave loss plays an important role in 

the performance of two different lengths of device.  In the transmission line, an 

ohmic contact resistance problem will cause some bandwidth penalties.  As seen in 

the contact resistances of the Table 4.1, the contact resistance for only 20% of Al in 

AlGaAs results in about 6 times the contact resistance of GaAs contact.  To reduce 

the contact resistance, one possible structure involves inserting a thin 

layer to the bottom p-type AlGaAs layers, as shown in Figure 6.1.  References [1-5] 

show other ways to improve the contact resistance.  By using the tunneling 

conduction through the midgap defects of LT-GaAs [1] or growing the InGaAs 

strain layers [2,3], the nonalloy ohmic contacts can be achieved.  The nonalloy-

ohmic contacts have smooth metalization, so the metal spiking due to annealing can 

be avoided.  And also, the microwave loss from the rough metal surface and the 

high contact resistance could be reduced.  Heavy carbon doping can be used in 

AlGaAs material to get a very low p-contact resistance [4,5].  The low-diffusion 

carbon can allow the high temperature growth to get high quality material.  The 

carbon doping may solve the problems arisen from the Be-doped p-material. 

GaAs−+p  
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MSM photodetector regionPassive waveguide

w G Interdigital finger MSM-structure

LT-GaAs

Figure6.2. Schematic diagram of distributed MSM photodetector  
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6.2.2 MSM structure 
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 The drawbacks of p-i-n structure are the high microwave loss and velocity 

mismatch, because of the highly confined electric field inside the intrinsic region 

and the n- and p- doped material.  Another way to decrease the microwave loss is to 

use a different waveguide structure.  MSM photodetectors have been shown to have 

a potential for obtaining high bandwidth in theory or experiment [8-11].  In contrast 

to the p-i-n structure, MSM structures inherently have low capacitance.  Figure 6.2 

shows a schematic MSM waveguide photodetector, which has two sections, passive 



waveguide and MSM-detector regions.  The passive waveguide is designed for 

optimizing the optical coupling efficiency. 

 Figure 6.3 plots the calculated loaded capacitance per unit length of p-i-n 

structure (intrinsic capacitance) and MSM (interdigital finger capacitance) [8].  The 

waveguide width is set as mµ1 .  It is assumed that the same carrier transit time in 

both structures (intrinsic region thickness in p-i-n = electrode gap in MSM digital 

fingers).  And the same electrode gap and width (W=G ) are set in the MSM 

structure.  The MSM structure, as shown, shows a lower capacitance than the p-i-n 

structure.  It indicates that the MSM might have better microwave propagation 

properties than p-i-n structure.  In the point view of fabrication, the isolation 

process, metal contact annealing and the polyimide passivation can be avoided in 

the MSM structure.  Therefore, the traveling wave MSM structure might have a 

high potential for high-speed application. 

6.2.3 the reflection in the optical input end: 

 The ideal TWPD should not have reflection in the boundaries of 

waveguide.  As discussed in Chapter 4, the reflection wave at the optical input end 

reveals some effects on the detector speeds.  Figure 6.4 shows a possible solution to 

eliminate the impedance mismatching.  The optical waveguide is divided two 

sections, a passive waveguide and p-i-n photodetector section (similar to Figure 

6.2).  The passive waveguide is used for obtaining high coupling efficiency and 

also supporting a space for bridging the load circuit B.  The load circuit B can 

decrease the reflection wave.  Reference [12] has shown the similar structure for 

traveling wave EA-modulator and obtained good results. 
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Figure6.4. The schematic of load circuit to eliminate the reflection
                  from optical input 

Pasive waveguide

Load circuit B

Light

Photodetector

Load circuit A

TWPD

(a) top view
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n-type

p-type
Intrinsic region

Semi-insulate
Light

(b) side view

: polyimide
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 The passive waveguide region (Figures 6.2, 6.4) increases more flexibility 

in the designing the high-speed performance.  Rather than matching the impedance 

at the optical input end, the load-circuit B (Figure 6.4) can be possibly made with 

lower impedance than the waveguide’s one.  The anti-resonate effect ( a 1800 phase 

shift at optical input end) can diminish the long tail of the optical impulse.  Figure 

6.5 plots the calculation of the influence on the load-circuit of the input end.  The 

waveguide design is the same as the one in the Chapter 3.  The open (reflection=1, 

triangle curve) and match (refltion=0, thin solid curve) cases reveal only a little 

change in the speed performance.  However, if putting the low-impedance load, the 

optical pulses (circle and thick solid) are sharpened.  Especially, when the load is 

short circuit (reflection=-1), the electrical pulse exhibits a sinusoid-like oscillation 



with a half pulsewidth in the case of impedance-match.  Using this concept, the 

microwave generation above the THz radiation may be possible. 
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Figure6.5.  The input resistance effects on the response.
 

6.3 Application 

 Figure 6.6 [15] plots the historical trends of optical fiber communications.  

Using WDM and OTDM techniques, the optical fiber communications show a 

tremendous growth in the channel bit rate (from the bit rate of 10 Mb/s in 1980’s to 

3 Tb/s in 1999’s OFC conference).  The photodetectors of bandwidth higher 100 

GHz or even 1 THz are needed.  The performance of high-speed photodetectors 

operated at the carrier-transit time regime is hard to overcome the 200 GHz barrier.  

However, the LT-GaAs TWPDs offer a significant advantage for the receivers 

above 500 GHz bandwidth.  Although the efficiency is low due to the carrier 

trapping limitation, the high saturation power of LT-GaAs can compensate this.  

Also, the integration of optical amplifier with photodetector [13] or the high speed 

microwave amplifier  with > 400GHz of fmax [14] make the implementation of 

receivers with above 500 GHz bandwidth plausible. 
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