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Abstract 

 

Investigation and Design of Broadband and High-Output Power 

Uni-Traveling-Carrier Photodiodes 

 

Peng Zhang 

 

Uni-traveling-carrier photodiode (UTC-PD) is very attractive for future fiber-optic 

systems, since it has exhibited high-speed and high-power performance. In this thesis, the 

bandwidth and saturation current of UTC-PD is investigated by using physics-based 

modeling. To further improve the performance, novel device structures are proposed. 

On the one hand, a graded bandgap structure is employed in the absorption layer. It 

is shown that, similar to the effect of graded doping method, the electric field in the 

absorption layer is increased, and thus the bandwidth is improved. Moreover, both the 

graded doping and graded bandgap structure are optimized. It is found that, for the 

considered UTC-PD, combining use of the graded doping and graded bandgap in the 

absorption layer leads to an improvement of 39.4% in bandwidth. 

On the other hand, linear doping profile and Gaussian doping profile are considered 

to be used in the collection layer. It is shown that, the distribution of electric field in the 

depletion region is improved, which leads to the better saturation performance. For the 
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considered UTC-PD, by using optimized linear doping profile and Gaussian doping 

profile, the improvement in saturation current is 18.7% and 25.8% respectively. 

Additionally, two types of epitaxial structure have been grown. Both of them are 

predicted to exhibit excellent broadband and high-output power performance. The benefit 

of the proposed graded bandgap absorption layer is further verified. Moreover, the major 

steps of fabrication process flow are described. 
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Chapter 1  Introduction 

1.1 Introduction 

In recent years, research on exploring broadband and high-efficiency fiber-optic 

communication systems and wireless communications has been increasing. Photodiodes 

(PDs), which convert broadband optical signal to electrical signal with high-efficiency, 

serve as the key components in these systems. They can be employed in a digital optical 

front end to provide a distortion-free electrical output signal [1]; and also used to generate 

millimeter and sub-millimeter waves for RF transmitters [2]. For practical applications, 

PDs with large bandwidth and high output current are desired. 

Various types of PD structures have been developed to achieve broad bandwidth and 

high output power. Among them, pin-PD is widely used, because it has simple structure 

and relatively high responsivity. Band diagram of the pin-PD is schematically shown in 

Fig. 1.1 [3]. It consists of a lightly doped intrinsic region, sandwiched between highly 

doped n+ and p+ regions. The intrinsic region is much wider than the n+ and p+ regions 

to absorb large number of photons and to achieve high quantum efficiency. Electron-hole 

pairs are generated in the intrinsic region. At operation bias voltage, the intrinsic region is 

entirely depleted, and thus the electric field in this region is high. Then, the generated 
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electron-hole pairs can be quickly separated by the electric field and drift towards the n 

and p contacts respectively, as illustrated in Fig. 1.1 [3]. At proper electric field, the 

carriers can drift at their saturation velocity to across the absorption layer, which leads to 

minimum carrier transit time. Moreover, in the linearity range of pin-PD, the output 

photocurrent is proportional to the optical intensity and electron-hole pairs generation 

rate. 

 

Figure 1.1  Band diagram of pin-PD [3]. 

However, the bandwidth and output current performance of pin-PD are limited. On 

the one hand, this structure leads to several constraints on bandwidth performance. The 

bandwidth of pin-PD is determined by the carrier transit time and RC-time constant. The 

3-dB frequency ƒ3dB can be expressed as [4] 

222

3

111

RCtrdB fff
 ,                                                (1.1) 
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in which, ƒtr is the transit time limited bandwidth, ƒRC is the RC-time constant limited 

bandwidth. They are given by [4] 

d

v
ftr 2

5.3
 , 










444

11

2

11

he vvv
,                                      (1.2) 

ARR

d

CR
f

LSpdtot
RC  )(22

1


 .                                   (1.3) 

Here, ν is the average carrier drift velocity of electron velocity νe and hole velocity νh, d 

is the intrinsic region thickness, Rtot is the total resistance including series resistance RS 

and load resistance RL, and Cpd is the junction capacitance which is related to the 

permittivity ε of the depletion region, the active region area A and the intrinsic region 

thickness. According to Eq. (1.2), we can see that, for pin-PD, the transit time bandwidth 

is mainly limited by the hole velocity, since the hole velocity is much lower than that of 

electron. The transit time can be reduced by decreasing the intrinsic region thickness d. 

However, according to Eq. (1.3), shorter d results in lower RC-time constant limited 

bandwidth. Moreover, the efficiency drops with shorter intrinsic region thickness. On the 

other hand, pin-PD is hard to operate at high optical injection level, and thus limiting the 

output current. This is mainly due to the space-charge effect [5]. Since electrons drift 

faster than holes, under high illumination power, holes accumulate in the depleted 

intrinsic region near the i-n interface. The accumulated space charge results in the 
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degradation of the electric field near the n-contact layer side. Thus, as the electric field 

decreases, the carrier velocity drops which leads to lower bandwidth and the output 

current saturation. 

In order to reduce the constraints to improve the bandwidth and saturation 

performance, a modified structure, which is referred to UTC-PD, is demonstrated by T. 

Ishibashi et al. [6]-[9]. The band diagram of the UTC-PD is shown in Fig. 1.2 (a) [3], and 

the schematic of its epi-structure is illustrated in Fig. 1.2 (b). Different from the intrinsic 

absorption depletion region for the conventional pin-PD, for UTC-PD, the light 

absorption region and the depleted collection region are separated. UTC-PD employs a 

thicker p-type highly doped narrow bandgap InGaAs layer as the light absorption layer 

and utilizes an undoped (or lightly n-type doped) wide bandgap InP layer instead of the 

intrinsic layer. Since the energy gap of the InP is larger than the photon energy, it is 

transparent to the incident light. Thus, the electron-hole pairs are only generated in the 

heavily p-doped InGaAs absorption layer. Moreover, since the holes are the majority 

carriers in the absorption layer, the photogenerated holes respond in a very fast dielectric 

relaxation time. Therefore, for UTC-PD, the role of holes as the active carriers is 

eliminated, and thus only the transportation of the photogenerated high speed electrons 

determines the device performance. This is a crucial difference from the conventional 
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pin-PD. This feature leads to significant improvement in bandwidth and saturation 

performance. 

   

                     (a)                               (b) 

Figure 1.2  (a) Band diagram of UTC-PD [3], (b) schematic of the epi-structure of UTC-PD. 

On the one hand, UTC-PD provides higher operation speed than pin-PD. The 

advantages can be seen from both the bandwidth limitation factors, namely the carrier 

transit time and RC-time constant, which have been mentioned above. Obviously, the 

carrier traveling time in the depletion layer is considerably reduced. Because it has been 

observed experimentally that the electron can move at overshoot velocity in the InP 

collection layer of UTC-PD, which is much higher than the saturation velocity of holes in 

the pin-PD. Moreover, for a typical UTC-PD structure, since the electron diffusion 

velocity is considered to be smaller than its drift velocity, the total transit time is mainly 
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determined by the electron diffusion time in the absorption layer. Due to the high 

mobility of minority electrons in p-type InGaAs, the electrons diffusion velocity in the 

UTC-PD can be higher than the hole saturation velocity in the pin-PD [6]. Accordingly, 

the carrier transit time is improved by using UTC-PD structure. In addition, for UTC-PD, 

the absorption layer and collection layer are independent of each other. Thus, the 

thickness of absorption layer can be shrinked to reduce the carrier transit time without 

increasing the RC-time constant. While, for pin-PD, although thinner absorption layer 

leads to shorter carrier transit time, the RC-time constant becomes larger. This trade-off 

limits the bandwidth performance of pin-PD. 

On the other hand, since only the high speed electrons transport in depletion region 

of the UTC-PD, the space charge effect is significantly suppressed, and thus the 

saturation performance is improved. The space charge effect in UTC-PD is different from 

the situation in pin-PD. For UTC-PD, at high optical power, the photo-generated 

electrons starts to accumulate at the output side of absorption layer. This leads to the 

electric field drops at the input side of collection layer. When this field becomes lower 

than a critical value, the electron velocity is considerably reduced, which results in 

saturation. For pin-PD, saturation is caused by the accumulated holes in the depleted 

intrinsic region. The reduction of electrons velocity occurs at a relatively low electric 
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field, while the reduction of holes velocity occurs at a relatively high electric field. 

Therefore, the output for the UTC-PD does not saturate until the electric field in the 

depletion region becomes much lower than that for the pin-PD. This implies that 

UTC-PD can be operated at higher optical injection level, and thus higher output current 

can be achieved. 

1.2 Figures of merit 

There are several figures of merit to assess the performance of PDs, such as 

bandwidth, saturation current, RF power, responsivity and quantum efficiency. For 

different applications, different evaluation criteria are required. For the applications in 

fiber-optic communication systems, broad bandwidth and high output power photodiodes 

are necessary. The UTC-PDs to be discussed in this work will be characterized based on 

these two major performance parameters. 

1.2.1 Bandwidth 

The bandwidth is defined as the frequency at which the output RF power decreases 

half or 3 dB relative to its DC power. The bandwidth is related to the response time. For 

UTC-PD, the response time is determined by the carrier transit time τtr and RC-time 
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constant τRC. Then, the 3-dB bandwidth ƒ3dB can be approximately expressed as Eq. (1.4). 

In order to improve the bandwidth performance, both τtr and τRC should be decreased. 

22
3

2

1

RCtr

dBf
 

 .                                              (1.4) 

For a typical UTC-PD, the carrier transit time τtr includes the carrier diffusion time 

τA in the low electric field absorption layer, and the carrier drift time τC in the high 

electric field depleted collection layer. The diffusion time τA can be given by [6] 

th

A

e

A
A

v

W

D

W


3

2

 ,                                                  (1.5) 

where WA is the absorption layer thickness, De is the diffusion coefficient of electrons in 

the absorption layer and νth is the electron thermionic emission velocity. The drift time 

can be expressed as [6] 

os

C
C

v

W
 ,                                                       (1.6) 

where WC is the collection layer thickness and νos is the overshoot velocity of the 

electrons. The carrier transit time can be reduced by reducing the thickness of absorption 

and collection layers. Additionally, a built-in electric field can be constructed in the 

absorption layer to accelerate the electrons, and thus shorten the transit time. When the 

thickness of absorption layer is similar to that of the collection layer, the carrier transit 

time τtr is primarily limited by the carrier traveling time τA in absorption layer, since the 
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electron diffusion velocity is much slower than the electron drift velocity. Thus, τtr can be 

approximated as follows, 

th

A

e

A
ACAtr

v

W

D

W


3

2

 .                                       (1.7) 

On the other hand, the RC-time constant τRC can be expressed as [10] 

W

ARR
CR LS
pdtotRC




)( 
 ,                                        (1.8) 

where Rtot is the total resistance including series resistance RS and load resistance RL. Cpd 

is the junction capacitance, which is determined by the thickness W of depletion region 

and the area A of the active region. And ε is the permittivity of the depletion region. The 

RC-time constant τRC can be minimized by decreasing the area of active region or 

increasing the thickness of depletion region. However, the contact resistance is inversely 

proportional to the contact area, and a thicker depletion region leads to a longer transit 

time, therefore trade-offs exist in these aspects. 

The 3-dB frequency ƒ3dB can be extracted by using two different methods. The first 

method is to obtain the 3-dB frequency from the Fourier transform of the pulse response. 

The other method is that, the bandwidth of the device can be evaluated from the 

frequency response to a modulated optical signal. In this work, the second method is used 

to analyze the bandwidth performance. 
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1.2.2 Output RF power 

The output RF power of the UTC-PD refers to the power delivered to load resistance, 

which can be expressed as follows [9][10], 

])2(1][)2(1[2
)(

22

22

RCtr

opL

RF
ff

MLPrR
fP

 
 .                              (1.9) 

Here, ƒ is the frequency, RL is the load resistance, r is responsivity, Pop is the input optical 

power, M is a factor related to the optical modulation index, and L is a factor related to 

optical and electrical losses. Due to the development of the optical fiber amplifier, it is 

desired to place the the optical fiber amplifier directly in front of the photodiode to 

eliminate the costly post-amplifier. This is because, as the frequency increases, a 

photoreceiver consisting of an optical pre-amplifier and a high-power photodiode can 

produce better characteristics than a conventional photoreceiver with electrical 

post-amplifiers, and the system configuration can be simplified as well [6]. Thereby, 

high-speed and high-output power photodiodes with high-power handling capability are 

required.  

According to Eq. (1.9), the output power decreases as the frequency increases, since 

the carrier transit time and RC-time constant limitations become significant. On the other 

hand, the output power rises with increasing input optical power. However, as the input 
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optical power grows, the space-charge effect becomes significant. Due to the space 

charge, the electric field in the front part of depletion region drops, and thus the carrier 

velocity is reduced, which in turn causes the degradation of bandwidth and output power. 

The output power saturation occurs when the input optical power is high enough. At high 

optical injection level, owing to the space-charge effect, the high-speed performance of 

UTC-PD is limited, which results in the output power decreases more rapidly with 

increasing frequency. The space-charge effect can be weakened by increasing the reverse 

bias voltage. However, this may cause the thermal failure. 

In this work, the output RF power performance is evaluated from the DC 

photocurrent response to the optical source. This is because, the current is related to the 

output power, and they are closely affected by the space-charge effect. Both of them 

increase linearly with the incident optical power, and then deviate from the linear 

response, which effectively indicates the saturation occurs. 

1.3 Motivation of this research 

1.3.1 Literature review 

In the past decade, there has been an increasing interest in UTC-PD due to its 

excellent speed and saturation current performance. Various improvements, in terms of 
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layer structure, optical coupling and packaging, have been achieved. As the UTC-PD 

reported in [11], the most straightforward way to enhance the speed performance is to 

scale down the thickness of absorption layer. However, thin absorption layer seriously 

reduces the responsivity of the device. It has been experimentally demonstrated that the 

bandwidth performance of UTC-PD can be improved by incorporating a step-like doping 

profile in the photoabsorption layer, since the introduced built-in electric field can help 

electrons transport more rapidly into the collector [12]. The modified UTC-PD 

(MUTC-PD) structures, which employ partially depleted absorption layer to improve the 

bandwidth and the quantum efficiency, have been achieved [13]-[15]. Besides, the 

saturation current performance of the MUTC-PD can be enhanced by inserting a cliff 

layer before the collector [16]. A non-uniformly doped collector was designed to relax 

the space-charge effect, and thus the saturation current can be enhanced [17]. Superior 

bandwidth and output power performance of Near-ballistic UTC-PD (NBUTC-PD) has 

been demonstrated [18]-[19]. Moreover, different methods of optical coupling have been 

developed [20]-[23]. For instance, an edge-coupled waveguide UTC-PD was 

demonstrated to show improved performance [24]. Additionally, in terms of fabrication 

process improvements, well-designed packaging techniques, which are used to 

effectively manage the heat sinking problem, have been implemented [25]-[27]. By 
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flip-chip bonding the UTC-PDs on submounts with high thermal conductivity, the power 

handling capability of PDs can be increased, and thus the high-power performance is 

greatly improved [28]. 

1.3.2 Motivation 

In this thesis, in order to improve the bandwidth and saturation performance of 

UTC-PD, we developed novel absorption layer and collection layer structures. And the 

effects of these structures are investigated by using a numerical device simulator. 

1.4 Thesis organisation 

The rest of the thesis is organized as follows. 

Chapter 2 describes the device structure and the physics-based modeling of the 

considered UTC-PD. It is noted that hot carrier transport equations are enabled in our 

simulation. The simulation results are compared with the reported results to ensure the 

accuracy of the physical modeling. Then, in the following chapters, the UTC-PDs are 

investigated and designed by using physics-based modeling. 

In chapter 3, the bandwidth performance of the considered UTC-PD is investigated 

and enhanced. First of all, the effect of widely used linearly graded doping absorption 
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layer is studied. Then, the function of graded bandgap absorption layer is investigated. 

Moreover, both the methods are optimized by using partially graded structure. Finally, 

the benefits of proposed combined graded absorption layer are presented.    

In chapter 4, the saturation performance of the considered UTC-PD is investigated 

and improved. Firstly, the space-charge effect and charge compensation effect is studied. 

Then, a collection layer with linear doping profile is proposed and optimized, a better 

saturation performance is predicted. Furthermore, a Gaussian doping profile is proposed, 

which can further improve the saturation performance. 

Chapter 5 presents two the epitaxial layer structures of designed UTC-PDs. Their 

bandwidth and saturation performance is simulated. Additionally, the major steps of the 

fabrication process are described. 

Chapter 6 presents the conclusions and suggestions for future work. 

 

 

 



 15 

Chapter 2  Physics-Based UTC-PD Modeling 

The performance of the UTC-PD can be predicted by using the physics-based 

modeling. One of the advantages of the physics-based simulation method is that, the 

device can be studied in detail without costly experiments. Appropriate physical models 

must be incorporated to ensure the accuracy of the modeling. The drift-diffusion model is 

widely used to describe the carrier transport. However, the drift-diffusion approximation 

becomes less accurate in the simulation of submicron devices. The non-local effects, such 

as velocity overshoot, which has been observed experimentally in UTC-PDs [29], is not 

considered in this model. Therefore, in this work, a more appropriate energy balance 

transport model is employed in the device modeling. Then, different device structures are 

studied and designed based on the simulation results, which are obtained by solving hot 

carrier transport equations. 

A commercial physics-based device simulator ATLAS, by Silvaco International, is 

used in this work. ATLAS provides general capabilities for physics-based two (2D) and 

three-dimensional (3D) simulation of semiconductor devices [30]. It contains a 

comprehensive set of physical models, including drift-diffusion transport models, energy 

balance and hydrodynamic transport models, concentration, electric field and temperature 
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dependent mobility models, carrier generation and recombination models, etc. And it 

employs powerful numerical techniques, such as Gummel, Newton, and block-Newton 

nonlinear iteration strategies. In ATLAS, semiconductor device can be modeled by a set 

of coupled and non-linear partial differential equations, which are derived from 

Maxwell’s laws [30]. After defining a fine meshed physical structure and setting 

reasonable parameters, by using the provided numerical methods, numerical solutions of 

these equations can be obtained on every grid points within the device structure. Based 

on these results, the electric field can be obtained at any position within the device, and 

the diffusion and drift current, as well as terminal current and voltage, can be calculated. 

Furthermore, the performance of the device can be achieved in DC, AC small signal or 

transient modes of operation under different bias conditions. Thus, the transport 

phenomena within the device can be analyzed and the characteristics can be predicted as 

well. 

In this chapter, we first describe the basic device structure which will be considered 

in this chapter and next two chapters. Subsequently, we present some important material 

properties and physical models which are employed for device simulation. Moreover, 

several important equations which are solved inside the simulator are introduced. Finally, 
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in order to verify the accuracy of our physical modeling, we compared the simulation 

results with the experimental results in [6] and the simulated results in [31].  

2.1 Device structure 

In this and next chapter, we will consider a basic UTC-PD device structure which is 

reported by T. Ishibashi et al. [6]. The epitaxial layers are shown in Table 2.1. In addition 

to the absorption layer and the collection layer, the other layers are used as electrical 

contact layers or are added for improving performance. The topmost layer is the p-type 

InGaAs contact layer, which contacts with the anode metal. In order to form a good 

ohmic contact, this layer is heavily doped. It is followed by a wide bandgap p-type 

InGaAsP blocking layer which is lattice matched to InP. Since the energy gap of the 

blocking layer is 0.85 eV, and the energy gap of the following p-type InGaAs absorption 

layer is 0.737 eV, a conduction band offset ΔEc is formed at the blocking layer and 

absorption layer interface, which serves as a diffusion barrier for the electrons in the 

absorption layer. Thus, the role of the blocking layer is to promote the electrons 

generated in the absorption layer to move towards the InP collection layer and to prevent 

the diffusion of the electrons to the anode, while allowing the holes pass through. 

Followed is a typical uniformly doped p-type InGaAs layer that is used as the absorption 
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layer. It is highly doped to 1x1018 cm-3 and the thickness is 220 nm. Corresponding to the 

optical wavelength of 1.55 μm, which is equivalent to photon energy of 0.8 eV, the 

energy gap of this absorption layer is designed to be 0.737 eV to ensure the electrons can 

be excited from the valence band to the conduction band. Relatively, in order to avoid 

optical absorption, a n-type InP layer which has a wide energy gap of 1.35 eV is adopted 

as the collection layer. It is uniformly doped to 1x1016 cm-3 for charge compensation. 

Moreover, the doping concentration is very low to ensure this region can be completely 

depleted at normal device operation bias. Since there is an abrupt conduction band barrier 

at the InGaAs and InP heterojunction interface, which may block the electrons and lead 

to degradation of the sensitivity and photocurrent, undoped InGaAs, InGaAsP and InP 

space layers are employed to form a smooth connection between the absorption layer and 

collection layer. The energy gap of the inserted InGaAsP space layer is 1.0 eV. 

Additionally, a n-type thin InP cliff layer is added between the undoped InP spacer layer 

and the lightly doped InP collection layer. This cliff layer, which is highly doped to 

1x1018 cm-3, is used to enhance the electric field in the depleted region near the 

absorption layer and collection layer interface. Finally, similar to the p-type contact layer, 

the cathode metal is connected to the n-type InP subcollection layer, which is heavily 

doped to reduce the contact resistance. 
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Table 2.1  Epitaxial layers of the UTC-PD reported in [6]. 

Layer Thickness (nm) Doping (cm-3)/Type Band gap Eg (eV) 

p++InGaAs contact 50 3×1019/P 0.737 

p++InGaAsP blocking 20 2×1019/P 0.85 

p+ InGaAs absorption 220 1×1018/P 0.737 

i-InGaAs space 8 -- 0.737 

i-InGaAsP space 16 -- 1.0 

i-InP space 6 -- 1.35 

n+ InP cliff 7 1×1018/N 1.35 

n- InP collection 263 1×1016/N 1.35 

n+ InP subcollection-2 50 5×1018/N 1.35 

n+ InGaAs etch stop 10 1.5×1019/N 0.737 

n+ InP subcolleciton-1 500 1.5×1019/N 1.35 

i-InGaAs etch stop 10 -- 0.737 

(S. I. InP Sub) 

2.2 Definition of material parameters and models 

In order to simulate the UTC-PD as described above, the following basic steps are 

performed in ATLAS. First of all, we need to define the device structure as listed in 

Table 2.1, for example, specifying regions and electrodes, as well as the doping profiles. 

Secondly, we should specify the mesh of structure, which generates a suitable grid to 

ensure the accuracy of the simulation. Once we define the device structure and the mesh, 

we can set the material parameters. For commonly used conventional materials, such as 

InP, we adopt the default parameters contained in the simulator. For unusual materials, 

the essential parameters are obtained from the reported literatures and website [32]. Then, 
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we need to specify reasonable physical models. Subsequently, the optical source should 

be defined. After these steps, we choose suitable numerical methods to calculate the 

solutions to the specified device problems. Finally, DC, AC small signal and transient 

simulations can be obtained at different bias, light intensity and frequency conditions as 

we specified. In the following sections, we present some important parameters that need 

to be defined in ATLAS. For instance, the composition fractions x and y of 

In1-xGaxAsyP1-y which have a marked impact on the energy bandgap and band offsets 

distribution, as well as the optical parameters which we obtained from the reported 

literature and employed in ATLAS. Moreover, the physical models, which we used for 

UTC-PD simulation, are described. 

2.2.1 Energy gaps and heterojunction band offsets setting 

As mentioned above, for the UTC-PD reported by T. Ishibashi et al. [6], there are 

two different layers constituted by a quaternary material InGaAsP. One of them is the 

InGaAsP blocking layer, which is used to promote the electrons generated in the 

absorption layer move towards the InP collection layer and to prevent the diffusion of the 

electrons to the anode, while allowing the holes pass through. The other one is the 

InGaAsP space layer which is inserted between the absorption layer and collection layer 
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and acts as a intermediate layer to flatten the conduction band barrier and facilitate 

electrons to transport into the InP collection layer. The functions of these two different 

layers are realized by specifying different energy gaps. And the energy bandgap of the 

In1-xGaxAsyP1-y quaternary material is determined by its composition fractions x and y. 

Thus, the setting of values of the composition fractions is very important when we 

initially define the device structure. 

The default energy gap for the InP lattice matched In1-xGaxAsyP1-y system used in 

the simulator is given by [30] 

xyyx

yyxxEg

)159.0109.028.0(

)101.1101.0()758.0642.0(35.1)PAsGaIn( y1yxx-1




.         (2.1) 

Since this In1-xGaxAsyP1-y material must be lattice matched to InP, the relationship 

between x and y that satisfy this condition is given by [33] 

y

y
x

0125.04176.0

1896.0


 .                                             (2.2) 

According to these two equations, we can obtain the values of the composition fractions 

for the In1-xGaxAsyP1-y layers which are employed in the considered UTC-PD. For the 

blocking layer which is designed to have an energy gap of 0.85 eV, the corresponding 

values of composition fractions are calculated as x=0.351, y=0.755. For the space layer 

which has an energy gap of 1.0 eV, the composition fractions are given by x=0.230, 

y=0.499.  
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Once we set the composition fractions for every layer in the UTC-PD, the energy 

gap of each layer is determined. Then, the conduction and valence band discontinuities 

are formed by the difference between the energy gaps of two adjacent materials. Since 

the distribution of energy gap between the conduction and valence bands has a large 

impact on the charge transport, it is very important to properly define the conduction 

band offset ΔEc and the valence band offset ΔEv at each heterojunction interface. Thereby, 

the energy gap of each layer should be properly aligned [34]. In the simulator, one of the 

methods that defines the conduction band alignment for a heterointerface is to manually 

adjust the material affinities by specifying the AFFINITY parameter in the MATERIAL 

statement. The procedure for aligning heterojunctions using this method is described as 

follows.  

First of all, the electron affinity of In0.53Ga0.47As is set to 4.58 eV [33]. For the 

In1-xGaxAsyP1-y and In0.53Ga0.47As heterojunction system that is lattice matched to InP, the 

conduction band offset ΔEc and the valence band offset ΔEv can be expressed 

mathematically in terms of the composition of the quaternary as follows [33], 

2003.0268.0271.0)( yyyEc  ,                                   (2.3) 

2152.0502.035.0)( yyyEv  .                                   (2.4) 
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Accordingly, at the above described In0.649Ga0.351As0.755P0.245 blocking layer and 

In0.53Ga0.47As absorption layer heterojunction interface, we can obtain that ΔEc=0.07 eV 

and ΔEv=0.058 eV. Then, the electron affinity of the In0.649Ga0.351As0.755P0.245 blocking 

layer can be derived from the conduction band offsets ΔEc and the specified electron 

affinity of In0.53Ga0.47As. Accordingly, the electron affinity of the wide energy gap 

blocking layer is adjusted to 4.58-0.07=4.51 eV to ensure the desired conduction band 

offset at the heterojunction interface. Similarly, at the In0.53Ga0.47As and 

In0.77Ga0.23As0.499P0.501 space layer heterojunction interface, the corresponding conduction 

band offset ΔEc is 0.138 eV and the valence band offset ΔEv is 0.137 eV. Thereby, the 

electron affinity of the In0.77Ga0.23As0.499P0.501 space layer should be modified to 

4.58-0.138=4.442 eV. Subsequently, for the following lattice matched In1-xGaxAsyP1-y 

and InP heterojunction system, the equations to calculate the band offsets are given by 

[33] 

2003.0268.0 yyEc  ,                                           (2.5) 

2152.0502.0 yyEv  .                                           (2.6) 

According to the above equations, the band offsets at the In0.77Ga0.23As0.499P0.501 and InP 

space layer interface can be calculated as ΔEc=0.134 eV and ΔEv=0.213 eV respectively. 

Therefore, we need to set the AFFINITY parameter of InP to 4.442-0.134=4.308 eV.  
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The distribution of the band offsets of the considered UTC-PD is illustrated in Fig. 

2.1. We can seen that, as we expect, a conduction band barrier is formed at the blocking 

and absorption layer interface, which is used to prevent the optically generated electrons 

from diffusing to the anode. Furthermore, the inserted In0.77Ga0.23As0.499P0.501 space layer 

divide the 272 meV conduction band discontinuity into two smaller steps, which 

effectively mitigates the blocking effect between the InGaAs absorption layer and InP 

collection layer. 

 

Figure 2.1  Conduction and valence band offsets for heterojunctions presented in UTC-PD and 

used in the numerical modeling. 
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2.2.2 Defining optical properties of materials 

Since UTC-PD is an optoelectronic device, the optical properties of the materials are 

crucial for device simulation. One of the most important optical parameters is the 

complex index of refraction inn ~ . Here, the real part of the refractive index n 

indicates the phase velocity, while the imaginary part κ indicates the amount of 

absorption loss when the electromagnetic wave propagates through the material [35]. In 

the absorption layer of UTC-PD, the incident light intensity at a distance z into the 

absorption layer decays exponentially from the surface. It can be expressed as 

)exp()( 0 zPyP  ,                                               (2.7) 

where P0 is the intensity of the incident radiation and α is the absorption coefficient. Then, 

based on this expression, the generation rate formula can be derived. In ATLAS, the 

generation rate formula is given by [30] 

)exp(0 z
c

P
G 


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
,                                            (2.8) 

where P is the ray intensity factor, which contains the cumulative effects of reflections, 

transmissions, and loss due to absorption over the ray path, η0 is the internal quantum 

efficiency, z is a relative distance for the ray, ħ is Planck’s constant, c is the speed of light, 

λ is the wavelength and α is the absorption coefficient. The generation associated with 
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each grid point can be calculated by integration of the generation rate formula. In 

addition, for ATLAS, the absorption coefficient α is obtained from the imaginary part κ 

of the complex index of refraction, according to the following Eq. (2.9) [30], 







4
 .                                                       (2.9) 

Hence, absorption or photogeneration is related to the imaginary component of refractive 

index. On the other hand, for the simulator, optical ray tracing model uses the real 

component of refractive index to calculate the optical intensity at each grid point [30]. 

Therefore, taking all these descriptions, we must carefully specify the complex index of 

refraction of the specific regions in the device structure. 

For the considered UTC-PD, InGaAs is the material used for photoabsorption. And 

the device is designed to operate at the optical wavelength of 1.55 μm, which is 

equivalent to photon energy of 0.8 eV. The following Fig. 2.2, which is reported by S. 

Adachi [33], shows the experimental data of n and κ for InGaAs at 300K. According to 

Fig. 2.2, we can find the values of n and κ at the photon energy of 0.8 eV, which are 

3.595 and 0.057 respectively. Then, we specify the real and imaginary part of refractive 

index for the InGaAs absorption layer by using the REAL.INDEX and IMAG.INDEX 

parameters of the MATERIAL statement in ATLAS. Additionally, since we study the 

back-illuminated device, we assume the InGaAsP space layer and InP collection layer are 
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transparent at the optical wavelength of 1.55 μm. Thereby, for these transparent layers, 

we set the imaginary part κ of refractive index to zero. For InP, the real part of refractive 

index n is specified as 3.165 [36]. And for In1-xGaxAsyP1-y, we can define its real part of 

refractive index according to the relation n=3.1+0.46y [37]. 

 

Figure 2.2  Real and imaginary parts of the refractive index for InGaAs versus 

       photon energy [33]. 

2.2.3 The energy balance transport model 

The conventional drift-diffusion model is the simplest charge transport model. It is 

useful for most of the common devices. However, as the sizes of the devices become 

smaller, this drift-diffusion approximation is less accurate, since it neglects non-local 

effects such as velocity overshoot, diffusion associated with the carrier temperature and 

the dependence of impact ionization rates on carrier energy distributions. These non-local 
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effects are considered very important in the simulation of submicron devices. In addition, 

electron velocity overshoot has been observed experimentally in UTC-PDs [29]. The 

electron velocity plays a significant role in determining the performance of UTC-PD. 

Therefore, in order to ensure the accuracy of the simulation for the studied UTC-PD, the 

non-local model of charge transport is required. 

In ATLAS, these effects can be modeled by using the energy balance transport 

model. The energy balance transport model follows the derivation by Stratton [38]-[39], 

which is derived starting from the Boltzmann transport equation. The energy balance 

equations are given by [30] 
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in which Jn and Jp are the current densities, Sn and Sp are the energy flux densities from 

the carrier to the lattice. They can be expressed as [30] 
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Here, Tn and Tp are the temperature of electrons and holes, Wn and Wp are the energy 

density loss rates for electrons and holes, Dn and Dp are the thermal diffusivities for 

electrons and holes, and Kn and Kp are the thermal conductivities of electrons and holes. 

For our simulation, in order to take into account the electron velocity overshoot effect, we 

specified HCTE.EL parameter in the MODELS statement to activate the hot carrier 

transport equations for electrons only. 

2.2.4 Mobility models 

Carrier mobilities are the functions of the doping concentration, local electric field, 

lattice temperature, and so on. The simulator ATLAS provides several models to account 

for these effects. For the studied UTC-PD, we need to consider carriers mobilities in 

low-field behavior and high-field behavior. Suitable mobility models are employed for 

the simulation. They will be presented as follows. 

2.2.4.1 Concentration dependent mobility model 

For the low-field condition, the carrier mobility is affected by impurity scattering. 

The mobilities of holes and electrons decrease with increasing doping concentration. 
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Thus, the CONMOB model is employed. It provides empirical data for the doping 

dependent low-field mobilities of electrons and holes [30]. 

2.2.4.2 Parallel electric field dependent mobility model 

 

Figure 2.3  Electron velocity field characteristics for InGaAs, GaAs and InP [40]. 

Fig. 2.3 shows the electric field dependence of the electron drift velocity for InGaAs 

and InP (materials used in the studied UTC-PD) [40]. We can see that, at low-field region, 

the electron drift velocity dv  increases proportionally with the electric field. It can be 

expressed as 

Evd  ,                                                       (2.16) 



 31 

where E is the electric field, µ is the carrier mobility. While, at high electric field, drift 

velocity no longer increases linearly with increasing electric field, and eventually, it tends 

to saturation. This is because the carrier energy obtained from electric field is transferred 

to lattice during the scattering processes. Since the magnitude of the drift velocity is the 

product of the mobility and the electric field, at high electric field, the effective mobility 

need to be reduced. In ATLAS, this field dependent mobility can be modeled by using 

parallel electric field mobility model FLDMOB. This model employ the following 

Caughey and Thomas expression [41] (Eq. (2.17) and Eq. (2.18)) to implement a field 

dependent mobility. Thereby, a smooth transition between low-field and high-field 

behavior is achieved. 
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Here, µn0 and µp0 are the low-field electron and hole mobilities respectively, vsatn and vsatp 

are the saturation velocities of electron and hole respectively and βn and βp are 

user-definable parameters, which we use their defaults, i.e. βn=2 and βp=1. The low-field 
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mobilities µn0 and µp0 are obtained from the previously described low-field mobility 

model. 

2.2.4.3 Energy dependent mobility model 

For the employed energy balance transport model, the carrier mobility is required to 

be related to the carrier energy. This can be achieved through the homogeneous steady 

state energy balance relationship. The effective electric fields, Eeff,n and Eeff,p, need to be 

calculated, according to the following equations derived from the energy balance 

equations [30]. 
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Here, TL is the lattice temperature, k is Boltzmann’s constant and τmob,n and τmob,p are 

user-definable parameters, which we use their defaults, τmob,n=τmob,p=2.5x10-13 s. Then, 

these effective electric fields are introduced into the relevant field dependent mobility 

model. 

In the above mentioned FLDMOB model, the carrier mobility is not dependent on 

temperature. While, in energy balance transport model, the carrier mobility is treated as 

function of the carrier temperature rather than function of the local electric field. Thus, 
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the standard saturation model is chosen by setting EVSATMOD=0 on the MODELS 

statement. In this model, the carrier mobility, which depends on the carrier temperature, 

can be expressed as follows [30], 
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Here, τel,n and τel,p are the energy relaxation times for electrons and holes. 

2.2.5 Recombination models 

For the studied UTC-PD, in order to return to equilibrium after the generation of 

electron-hole pairs, the carrier recombination occurs in the device. According to the form 

of the lost energy of electron, the generation-recombination mechanisms can be divided 
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into several types, such as phonon transitions and Auger transitions. Thus, in ATLAS, we 

need to specify the suitable models to simulate these processes.   

2.2.5.1 Shockley-Read-Hall (SRH) concentration dependent lifetime model 

One of the generation-recombination process that we considered is phonon 

transitions. Phonon transitions occur in the presence of a trap or defect within the 

forbidden gap of the semiconductor [30]. This is a two step process. An carrier is trapped 

by an energy state in the forbidden region, recombination occurs when another carrier of 

the opposite conductivity type interacts with the same energy state. This process is called 

Shockley-Read-Hall (SRH) recombination. Moreover, the carrier lifetime is an important 

parameter in the modeled SRH recombination equations. The carrier lifetime depends on 

the impurity concentration. It decreases as the impurity concentration increases. Thereby, 

in the simulator, we modeled this recombination process by using SRH concentration 

dependent lifetime model CONSRH. By using this model, the net 

generation-recombination rate is given as [30] 
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Here, ETRAP is the difference between the trap energy level and the intrinsic Fermi level, 

τn0 and τp0 are the user-definable electron and hole lifetimes, N is the total impurity 

concentration and NSRHN and NSRHP are user-definable parameters. 

For the studied UTC-PD, the p-type InGaAs absorption layer is very important. In 

order to ensure the accuracy of the simulation, the carrier lifetime in p-type InGaAs need 

to be specified according to the the literature as follows. First of all, for p-type material 

under low injection condition, the recombination rate Eq. (2.27) can be reduced to 

n

SRH

nn
R


0

 ,                                                  (2.30) 

where n is the total minority electron concentration, n0 is the thermal equilibrium electron 

concentration and τn is the minority carrier electron lifetime. Thus, we only need to 

consider the minority carrier electron lifetime in p-type InGaAs absorption layer. Then, 

according to the experimental data reported by Tashima et al. [42], it is found that the 

electron lifetime in p-type InGaAs is a function of the doping level. The electron lifetime 

decreases as the doping concentration increases. Furthermore, Conklin et al. [43] 

proposed an exponential empirical model to fit the experimental data. This empirical 

model can be written as [43] 
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where NA is the base doping concentration and the fit parameters are β=12.6, γ=0.73 for 

NA>8x1017 cm-3. For the doping concentration smaller than 8x1017 cm-3, a constant 

lifetime of 0.3 ns was assumed. Subsequently, we need to fit the concentration dependent 

lifetime model, which is employed in ATLAS, to the data of this empirical model. For the 

studied UTC-PD, the p-type InGaAs absorption layer is highly doped to 1x1018 cm-3. 

Thus, for the empirical model, we consider the case of NA>8x1017 cm-3. Thereby, the 

corresponding parameters used in the CONSRH model can be specified as τn0=0.7 ns and 

NSRHN=7.134x1017 cm-3. The fitting result is shown in Fig. 2.4. 
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Figure 2.4  Electron lifetime in p-type InGaAs as a function of doping concentration. The solid 

line is calculated by using Conklin’s empirical model [43]. The dashed line is the fitting result of 

CONSRH model.  
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2.2.5.2 Standard Auger model 

The SHR recombination is dominant under conditions of low carrier concentration 

or low level injection. However, at high carrier concentration or high level injection, 

electrons and holes are more likely to directly interact, which leads to Auger 

recombination. Therefore, Auger transitions need to be considered. Auger recombination 

occurs through a three particle transition whereby a mobile carrier is either captured or 

emitted [30]. The excess energy given off by this recombination process is absorbed by 

another carrier. In ATLAS, the standard Auger model AUGER is employed to model this 

process as follows [44], 

)()( 2222

ieieAuger pnnpAUGPnnpnAUGNR  ,                       (2.32) 

where the model parameters AUGN and AUGP are user-definable Auger coefficients. 

We specified these parameters according to the website [32]. 

2.3 Basic equations 

Semiconductor device operation is modeled in ATLAS by a set of anywhere from 

one to six coupled, non-linear, partial differential equations [30]. For different models, 

we can obtain the solution of the corresponding equations by using the powerful 

numerical methods. In the following, several fundamental equations, which are solved 
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inside the simulator, are described, for instance, Poisson’s equation, the continuity 

equations and the transport equations. Poisson’s equation relates variations in 

electrostatic potential to local charge densities. The continuity and the transport equations 

describe the way that the electron and hole densities evolve as a result of transport 

processes, generation processes, and recombination processes [30]. 

2.3.1 Poisson’s equation 

Poisson’s equation is given by [30] 

  )(div ,                                                 (2.33) 

where ψ is the electrostatic potential, ε is the local permittivity and ρ is the local space 

charge density. For ATLAS, the intrinsic Fermi potential is defined as the reference 

potential. The local space charge density takes into account all the mobile and fixed 

charge. Moreover, the electric field E can be obtained from the gradient of the potential 

[30], by using Eq. (2.34). 

E .                                                     (2.34) 

Thereby, Poisson's equation relates local space charge density to electric field. 
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2.3.2 Carrier continuity equations 

The carrier continuity equations consider the impact of the various mechanisms on 

the carrier concentration. They describe how the carrier concentration varies with time 

and space. The continuity equations for electrons and holes are defined as [30] 

nnn RGJ
qt

n




 1
,                                          (2.35) 

ppp RGJ
qt

p




 1
,                                        (2.36) 

where n and p are the electron and hole concentration, Jn and Jp are the electron and hole 

current densities, Gn and Gp are the generation rates for electrons and holes, Rn and Rp are 

the recombination rates for electrons and holes, and q is the magnitude of the charge on 

an electron. 

2.3.3 The transport equations 

The charge transport models, or the current density equations, are usually obtained 

by applying approximations and simplifications to the Boltzmann transport equation [30]. 

For the simulation of the submicron UTC-PD in this work, the energy balance transport 

model is employed. It uses a higher order approximation to the Boltzmann transport 

equation. Compared with conventional drift-diffusion model, it introduces new 

independent variables for electron and hole temperatures, adds continuity equations for 
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the carrier temperatures, and treats the carrier mobilities as functions of the carrier 

temperatures rather than functions of the local electric field. As described above, the 

current and energy flux densities can be expressed by Eq. (2.12)-Eq. (2.15). 

2.4 Physical modeling verification 

The accuracy of the modeling is verified by simulating the UTC-PD structure 

reported in [6], which has been described above. The UTC-PDs with active region area of 

20 μm2 and 80 μm2 are considered, labeled here as device PD20 and PD80 respectively. 

The simulation results are compared with the reported results in [6] and [31]. In order to 

obtain the 3-dB bandwidth, the AC small-signal simulation is performed. As shown in 

Fig. 2.5 for PD20, the 3-dB bandwidth at low illumination power and -2 V bias is 58.88 

GHz, which is in good agreement with the experimental result 63 GHz in [6] and the 

simulation result 52 GHz in [31]. Moreover, the experimental results in [6] showed that 

there is a significant enhancement of bandwidth at high optical injection power, which 

has been explained by the self-induced field in the absorption layer. It is obvious that, this 

effect is also predicted. As can be seen from Fig. 2.5, for PD20, the simulated 3-dB 

bandwidth at high optical injection level is 90.89 GHz and the corresponding measured 

result is 94 GHz. The simulated 3-dB bandwidth for PD80 at low optical injection level 
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and -2 V bias is 46.25 GHz, which is also comparable with the simulation result 42 GHz 

reported in [31]. It can be seen that there is a good agreement between all these 

simulation results and the reported results. And the physical modeling successfully 

predicted that the bandwidth varies with the change in the device active area, as well as 

the change in optical injection level. Consequently, the physics-based simulation is 

reliable. In chapter 3 and chapter 4, we will focus on the study of PD80. Additionally, in 

all the simulations, the device is biased at -2 V . 
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Figure 2.5  Simulated modulation response of device with active area of 20 and 80 µm2 at -2 V 

bias voltage and the reported bandwidth in [6] and [31]. 
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2.5 Summary 

In this chapter, the physics-based modeling of UTC-PD is described in detail. The 

primary properties of InGaAs, InGaAsP and InP, which are the key materials employed 

in the studied UTC-PD, are presented. We also introduced the mathematical models 

which are implemented in the simulator ATLAS and are used for modeling UTC-PDs in 

this work. Furthermore, the accuracy of the modeling is verified by comparing the 

simulation results with experimental results. It is demonstrated that the performance of 

UTC-PDs can be successfully predicted by using the physics-based modeling method. 
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Chapter 3  Graded Absorption Layer Design 

The 3-dB bandwidth of UTC-PD is mainly limited by the carrier transit time τtr and 

RC-time constant τRC. If the device performance is not RC-limited, the 3-dB bandwidth 

can be improved by decreasing the carrier transit time τtr. For a typical UTC-PD with 

uniformly doped absorption layer, the electric field in heavily doped absorption layer is 

nearly zero. The minority electrons can only diffuse from absorption layer to the 

collection layer. For the UTC-PD with similar absorption layer and collection layer 

thickness, the carrier transit time τtr is dominated by the electron transport time τA in the 

absorption layer. This is due to the fact that the electron diffusion velocity in the 

absorption layer is much smaller than the electron drift velocity in the high electric field 

collection layer, and thus the electron drift time in the collection layer is negligible. 

Therefore, in order to decrease the carrier transit time, we need to accelerate the minority 

electrons in the absorption layer. One approach is to introduce an appropriate built-in 

electric field in the absorption layer. Then the electron transport velocity in the absorption 

layer can be enhanced effectively. The built-in electric field can be introduced by using 

the graded absorption layer structure. This includes two aspects, graded doping structure 

and graded bandgap structure. In the following, they will be considered respectively. 
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3.1 Investigation of graded doping effects in absorption layer 

The graded doping method is widely used in absorption layer. It can introduce a 

built-in electric field to accelerate the minority electrons, and thus reduce the carrier 

transit time. For example, the UTC-PD reported by Z. Li et al. [16], a step doping profile 

is adopted in the absorption layer. Similarly, a large slope of linearly graded doping 

profile is used in the absorption layer of the UTC-PD reported by J.-W. Shi et al., which 

can construct a built-in electric field from 2.1 kV/cm to 84 kV/cm [28].  

For the studied UTC-PD, PD80, the absorption layer is uniformly doped to 1x1018 

cm-3. In order to investigate the effect of the graded doping method, a linearly graded 

doping profile, which replaces the original uniform doping profile in [6], is employed in 

the absorption layer. We assume that the doping concentration in the absorption layer 

changes linearly from 1.75x1018 cm-3 to 2.5x1017 cm-3, corresponding to the blocking 

layer side and the space layer side respectively. It is noted that the average doping 

concentration of linear doping is equal to the uniform doping concentration, which is 

1.0x1018 cm-3 in the original absorption layer [6]. As shown in Fig. 3.1 and Fig. 3.2, the 

effects of the graded doping method can be observed from the electric field distribution in 

the 0.22-µm-thickness absorption layer (from 0.07 to 0.29 µm) and the modulation 
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response. The simulation results of the device with linearly doped absorption layer are 

compared with the results of the original device, which employs an uniformly doped 

absorption layer [6]. 
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Figure 3.1  Distribution of electric field in the absorption layer of PD80 with uniformly and 

linearly doped absorption layer. 



 46 

0 10 20 30 40 50 60 70 80 90

-6

-5

-4

-3

-2

-1

0

 

 

R
e
la

ti
v
e
 R

F
 r

e
s
p
o
n
s
e
 (

d
B

)

Frequency (GHz)

 Uniformly doped absorption layer

 Linearly doped absorption layer

 

Figure 3.2  Simulated modulation response for PD80 with uniformly and linearly doped 

absorption layer. 

    As can be seen from Fig. 3.1, by using the linearly graded doping profile, the 

built-in electric field, which is introduced in the absorption layer, is greater than ~1 

kV/cm. This built-in electric field can help the minority electrons move faster, and thus 

reduce the electrons transport time in the absorption layer. Therefore, the 3-dB bandwidth 

can be enhanced effectively. As plotted in Fig. 3.2 for PD80, the 3-dB bandwidth is 

increased from 46.25 GHz to 55.25 GHz, an improvement of 19.5%.  

3.2 Design of graded bandgap absorption layer structure 

    In this study, we propose a new method to construct a built-in electric field in the 

absorption layer and to further improve the bandwidth performance. That is, we employ a 
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graded bandgap structure in the absorption layer. The introduced potential gradient can 

accelerate the minority electrons in the absorption layer to transport from the diffusion 

barrier side to the collection layer side. For the InP and InGaAs material system, 

In1-xGaxAsyP1-y or In1-x-yAlxGayAs with lattice matched to InP can provide a range of 

bandgaps, which can be used to construct a continuous compositionally-graded bandgap 

structure [45]. In this study, the graded bandgap absorption layer is designed by using 

In1-xGaxAsyP1-y. 

The design of the In1-xGaxAsyP1-y graded bandgap absorption layer is required to 

satisfy two conditions. Firstly, we need to ensure that the In1-xGaxAsyP1-y is lattice 

matched to InP. Thus, the composition fractions x and y should satisfy the relation given 

by Eq. (2.2). Secondly, since we assume the UTC-PD is operated at an optical 

wavelength of 1.5 µm, namely the photon energy of the light is 0.82 eV, the energy gap 

of the graded absorption region should be no more than 0.82 eV to excite an electron 

from the valence band to the conduction band. Thereby, the energy bandgap of 

In1-xGaxAsyP1-y should satisfy the following relation, eV82.0)PAsGaIn( y1yxx1 gE . As 

mentioned above, the energy bandgap of In1-xGaxAsyP1-y, which is lattice matched to InP, 

is given by Eq. (2.1). 
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In order to satisfy the above two conditions, the range of the composition fraction x 

is found to be from 0.38 to 0.47. Correspondingly, the range of y is from 0.82 to 1. Thus, 

the maximum potential gradient in the absorption region can be formed by adopting 

linear compositionally-graded from In0.62Ga0.38As0.82P0.18 to In0.53Ga0.47As. 

Accordingly, for PD80, the corresponding graded bandgap absorption layer is 

constructed by replacing the original In0.53Ga0.47As absorption layer [6] with a linear 

compositionally-graded In0.62Ga0.38As0.82P0.18→In0.53Ga0.47As absorption layer. We 

assume that the depth d (in µm) is the distance from a specified point in absorption layer 

to the surface of the p-contact layer. Then for PD80, the relation between the composition 

fraction x and d can be expressed as  29.0,07.0,351.0409.0  ddx  µm. The 

corresponding composition fraction y can be calculated according to Eq. (2.2). To 

investigate the effect of the graded bandgap absorption structure, we simulated the energy 

band diagram and the electric field distribution in the absorption layer. Moreover, the 

modulation response is also performed. As illustrated in the following, the simulation 

results of the device which employs a graded bandgap absorption layer structure are 

compared with the corresponding results of the original device, for which the bandgap of 

the InGaAs absorption layer is non-graded [6].   
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Figure 3.3  Band diagram of the absorption layer of PD80 with original design [6] and with 

graded bandgap design. 
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Figure 3.4  Distribution of electric field in the absorption layer of PD80 with original design [6] 

and with graded bandgap design. 
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Figure 3.5  Simulated modulation response for PD80 with original design [6] and with graded 

bandgap design. 

According to Fig. 3.3, showing the energy band diagram of the absorption layer 

(from 0.07 to 0.29 µm), we can obviously observe that a potential gradient is constructed 

in the conduction band by using the designed compositionally-graded 

In0.62Ga0.38As0.82P0.18→In0.53Ga0.47As absorption layer structure. Moreover, it is worth 

noting that there is almost no change in the valence band. Almost all of the energy gap 

difference 
gE  of the designed In1-xGaxAsyP1-y absorption layer is distributed to the 

conduction band offset 
cE , which is more favorable to the electrons in absorption layer 

to transport from diffusion barrier side to the collection layer side. It can be seen from Fig. 
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3.4, as expected, the built-in electric field is enhanced when the graded bandgap 

absorption layer structure is introduced. For the considered UTC-PD, the electric field in 

the absorption layer near the blocking layer side (from ~0.08 to ~0.11 µm) is enhanced to 

around ~1.5 kV/cm. It is higher than the ~1 kV/cm built-in electric field which is 

introduced by the graded doping effect as described above. This proves that the graded 

bandgap structure can further accelerate the minority electrons in the absorption layer. 

Thereby, the electron transport time in the absorption layer can be reduced, and thus the 

bandwidth performance is enhanced. As can be seen from Fig. 3.5, which shows the 

simulated modulation responses, the 3-dB bandwidth performance is improved by using 

graded bandgap structure. For PD80, the 3-dB bandwidth is increased from 46.25 GHz to 

58.33 GHz, which leads to an improvement of 26.1%. It is higher than the improvement 

achieved by using graded doping absorption layer. This is due to the higher introduced 

electric field in the front part of absorption layer. 

3.3 Optimization of graded structure 

If the electric field is introduced in absorption layer, carrier drift, as well as diffusion, 

occurs. It is well known that, at low electric field, the carriers move at the drift velocity 

dv , which can be expressed as Evd  , where E is the electric field, µ is the carrier 
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mobility. While, at higher electric field, the carrier energy obtained from electric field is 

transferred to lattice rather than increasing the velocity. As can been seen from Fig. 2.3 

[40], for InGaAs and InP, the electron velocity no longer increases proportionally with 

increasing electric field. And after a peak value, drift velocity decreases as the electric 

field goes higher. Finally, drift velocity tends to saturation. On the other hand, for carrier 

diffusion, the diffusion coefficient D indicates how well the carrier moves due to the 

density gradient. The relation between diffusion coefficient and carrier mobility is given 

by 
q

kT
D  . Consequently, the optimum performance can be obtained if appropriate 

electric field E and carrier mobility µ are found.   

As discussed in the previous section, the graded structure, including graded doping 

and graded bandgap structure, mainly contributes to increase the built-in electric field E 

in the absorption layer. In addition, the graded structure also has impacts on carrier 

mobility µ. This can be explained as follows. For the graded doping method, the doping 

concentration will be affected, and the carrier mobility is the function of the doping 

concentration. As the doping concentration increases, the ionized impurity scattering 

mechanism will lead to the carrier mobility µ decrease. On the other hand, the carrier 

mobility can be expressed as



m

qτ
μ , where q is the elementary charge, τ is the mean 

time between collisions and m* is the carrier effective mass. In the In1-xGaxAsyP1-y 
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system, the effective mass of carrier depends on the composition fractions x and y. 

Thereby, for the graded bandgap method, the variation of the composition fractions has 

influence on the effective mass m*, and thus the carrier mobility is affected. As the 

composition fraction y increases, both the hole and electron effective masses decrease 

[33][46], which implies that the carrier mobility will increase. According to the above 

analysis, we can optimize the graded structure to find the optimal electric field E and 

carrier mobility µ to enhance the carrier transport velocity. 

It is found that, as the doping concentration gradient or energy bandgap gradient 

becomes larger, the introduced built-in electric field increases. Thus, in order to create 

higher built-in electric field which leads to higher drift velocity, we need to construct 

larger slope of the gradient. The slope can be increased if we shorten the absorption layer 

or construct larger potential and doping difference. However, shortening the absorption 

layer leads to lower responsivity. This is because, for the studied UTC-PD, the absorption 

layer thickness is much shorter than the penetration depth [47], and the responsivity 

scales down with reduced absorption thickness. On the other hand, the potential 

difference can not be improved due to the limitation of the second condition as mentioned 

above. The doping difference can be enhanced by increasing the doping concentration 

near the diffusion barrier side or decreasing the doping concentration near collector side. 
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While, higher doping concentration results in lower carrier mobility and lower carrier 

lifetime, which lead to the responsivity and bandwidth drop. Reducing the doping 

concentration near the collector side does not have much impact on the slope, due to its 

small order of magnitude. Therefore, these methods are inappropriate. As can be seen 

from Fig. 3.1 and Fig. 3.4, the improvement of the built-in electric field in the absorption 

layer near the space layer side (from 0.26 to 0.29 µm) is not significant by using the 

graded structure. Moreover, according to the comparison between Fig. 3.1 and Fig. 3.4, 

as well as the corresponding 3-dB bandwidth, it is found that higher electric field in the 

front part of absorption layer leads to better 3-dB bandwidth performance. Thus, as 

indicated in Fig. 3.6, a feasible way to enhance the built-in electric field is to use a 

partially graded structure. The absorption layer thickness WA is maintained unchanged, 

and only the graded structure thickness WG is shortened (In the following sections, WGD 

is the thickness of graded doping region, WGB is the thickness of graded bandgap region). 

Thereby, the slope of the gradient can be enlarged to create a high electric field in the 

front part of absorption layer. Meanwhile, the required conditions, for the design of 

energy band, can be satisfied. In the following, we will investigate the modified graded 

doping and graded bandgap structure respectively. For PD80, the absorption layer 
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thickness WA is 0.22 µm, which starts from 0.07 to 0.29 µm, since we set the top of the 

p-contact layer as the origin of the depth. 

 

Figure 3.6  Schematic diagram of the graded structure optimization method. The left side is the 

blocking layer side. 

3.3.1 Optimization of graded doping structure 

In order to find the optimum graded doping structure, we keep the absorption layer 

thickness and other structure parameters unchanged, and only shrink the thickness of the 

graded doping region WGD. As plotted in Fig. 3.7, to investigate the effect of the modified 

graded doping structure, the relation between the 3-dB bandwidth and the thickness of 

graded doping region WGD is simulated. In addition, as shown in Fig. 3.8 and Fig. 3.9, we 

compared the electric field distributions and energy band diagrams in the absorption layer 

(from 0.07 to 0.29 µm) between four cases, P1 (WGD=0.22 µm, initial graded doping 

structure), P2 (WGD=0.18 µm), P3 (WGD=0.128 µm) and P4 (WGD=0.06 µm). We can see 

that the 3-dB bandwidth first increases and then decreases as WGD shrinks from 0.22 µm. 

The maximum 3-dB bandwidth occurs at P3, where WGD is ~0.128 µm. This result can be 
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explained as follows. The slope of the doping concentration gradient increases as WGD 

shrinks from 0.22 µm. At first, as can be seen from Fig. 3.8, the built-in electric field in 

the graded doping region is enhanced, such as case P2. At the same time, the average 

doping concentration in the absorption layer decreases as WGD shrinks. It implies that the 

carrier mobility is improved. Thereby, the carrier drift velocity increases. Additionally, as 

shown in Fig. 3.9, the depletion region in the absorption layer becomes wider since the 

doping concentration drops. In this depletion region, the carriers drift rather than 

diffusion. Besides, the junction capacitor is reduced as a result of the wider depletion 

region. Because of all these reasons, the carrier transit time and RC-time constant will be 

reduced. Therefore, the 3-dB bandwidth performance is improved. However, as the 

graded doping region further shrinks, the interface between the graded and non-graded 

region will be gradually away from the high electric field region near the space layer side, 

which in fact is the depletion region in the absorption layer. When this interface is out of 

the depletion region, the electric field in the non-graded doping region near this interface 

likely to be low, since the built-in electric field enhancement only occurs in the graded 

doping region. Thus, as can be observed in Fig. 3.8, due to the trade-off between the 

increased carrier mobility and the decreased electric field, the 3-dB bandwidth first 

increases to the maximum case P3, in which the built-in electric field in the non-graded 
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region near the interface (from ~0.198 to ~0.24 µm) is lower than that in case P2. Then, 

the bandwidth starts to drop. On the other hand, as illustrated in Fig. 2.3 [40], when the 

built-in electric field in the graded doping region becomes further higher, the carrier drift 

velocity in this region may decrease from the peak value to saturation, due to the 

reduction of carrier mobility. Consequently, the 3-dB bandwidth performance becomes 

worse. For example, case P4, although the built-in electric field near the blocking layer 

side (from 0.07 to ~0.135 µm), which is generated by large doping gradient, is the highest, 

the bandwidth performance is limited by the low electric field in the non-graded doping 

region. For PD80, as can be seen from Fig. 3.7, the optimal thickness of graded doping 

region is found to be ~0.128 µm. The 3-dB bandwidth improvement, from P1 55.25 GHz 

to P3 60.67 GHz, is 9.8%. 
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Figure 3.7  Simulated 3-dB bandwidth versus WGD. 
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Figure 3.8  Distribution of electric field in the absorption layer versus depth for the four cases 

marked in Fig. 3.7.  
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Figure 3.9  Band diagram of the absorption layer versus depth for the four cases. 

3.3.2 Optimization of graded bandgap structure 

Similarly, to optimize the graded bandgap structure, we keep the absorption layer 

thickness and other structure parameters unchanged, and only shrink the thickness of the 

graded bandgap region WGB. As illustrated in Fig. 3.10, the effect of the modified graded 

bandgap structure is investigated by simulating the relation between the 3-dB bandwidth 

and the thickness of graded doping region WGB. Moreover, as shown in Fig. 3.11 and Fig. 

3.12, we compared the electric field distributions and energy band diagrams in the 

absorption layer (from 0.07 to 0.29 µm) between four cases, P1 (WGB=0.22 µm, initial 
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graded bandgap structure), P2 (WGB=0.20 µm), P3 (WGB=0.18 µm) and P4 (WGB=0.14 

µm). According to Fig. 3.10, as expected, the 3-dB bandwidth first increases and then 

decreases as WGB shrinks from 0.22 µm. The maximum 3-dB bandwidth occurs at P3, 

where WGB is ~0.18 µm. This result can be understood as follows. As the graded bandgap 

region shrinks from 0.22 µm, the slope of the potential gradient in conduction band 

increases, which can be seen from Fig. 3.12. Correspondingly, such as the case P2 plotted 

in Fig. 3.11, the built-in electric field in the graded bandgap region is enhanced. On the 

other hand, the average composition fraction y of the In1-xGaxAsyP1-y system in 

absorption layer becomes larger as WGB shrinks. Thus, both the effective masses of hole 

and electron decrease [33], which implies that the carrier mobility is improved, since the 

carrier mobility is inversely proportional to the carrier effective mass. Thereby, the 

carrier drift velocity increases, which leads to less carrier transit time. Consequently, the 

3-dB bandwidth is enhanced. However, as the built-in electric field becomes further 

higher, the carrier drift velocity may decrease from the peak value, and the carrier 

mobility starts to drop. In addition, as the graded bandgap region shrinks, similar to the 

case of graded doping, the interface between the graded and non-graded region will be 

gradually away from the high electric field depletion region in the absorption layer near 

space layer side. Because the built-in electric field can be only constructed in the graded 
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bandgap region, when the interface is out of the depletion region, the electric field in the 

non-graded bandgap region near this interface drops significantly. Such as case P4, 

although the built-in electric field near the blocking layer side (from 0.07 to ~0.20 µm), 

which is created by the large bandgap gradient, is the highest, the carrier cannot be 

accelerated effectively due to the low electric field (from ~0.21 to ~0.25 µm) in the 

non-graded bandgap region. Therefore, the performance of 3-dB bandwidth declines. It is 

noted that, as can be seen from Fig. 3.11, although the maximum improvement of 3-dB 

bandwidth occurs at P3, its built-in electric field in the non-graded region near the 

interface (from 0.24 to 0.26 µm) is lower than that in case P2. This is due to the trade-off 

between the increased carrier mobility and the decreased electric field. For PD80, as 

shown in Fig. 3.10, the optimal thickness of graded bandgap region is ~0.18 µm. The 

3-dB bandwidth is improved from P1 58.33 GHz to P3 59.07 GHz, an improvement of 

1.3%, which is not as significant as the improvement of optimized graded doping 

structure. This is because the optimized graded doping structure leads to a wider 

depletion region in the absorption layer. 
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Figure 3.10  Simulated 3-dB bandwidth versus WGB. 
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Figure 3.11  Distribution of electric field in the absorption layer versus depth for the four cases 

marked in Fig. 3.10. 
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Figure 3.12  Band diagram of the absorption layer versus depth for the four cases. 

3.4 Combined graded absorption layer structure 

As described above, both the graded doping and graded bandgap structure can 

construct a built-in electric field and the performance can be further improved by 

structure optimization. In the following, we investigate the combined effect by using both 

optimized graded doping and optimized graded bandgap structure simultaneously. As can 

be seen from Fig. 3.13, the combined built-in electric field introduced by the combined 

graded absorption layer structure is further enhanced. The combined built-in electric field 

is larger than ~4 kV/cm, which is nearly the sum of the built-in electric fields introduced 
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by graded doping structure and graded bandgap structure. Compared to the original 

absorption layer structure (uniformly doped and non-graded bandgap InGaAs absorption 

layer [6]), we can see that the built-in electric field is significantly increased by the 

graded structure. Specially, the enormous growth of the built-in electric field near the 

space layer side, from 0.23 to 0.27 µm, is caused by the depletion region in the 

absorption layer. As plotted in Fig. 3.14, we compared the modulation responses of 

devices for the four absorption layer structures. We can observe that, compared to the 

original structure [6], the 3-dB bandwidth is successfully increased from 46.25 GHz to 

64.48 GHz by using combined graded absorption layer structure, and the improvement is 

39.4%.  
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Figure 3.13  Distribution of electric field in the absorption layer for PD80 with different 

absorption layer structure. 
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Figure 3.14  Simulated modulation response of PD80 with different absorption layer structure. 

3.5 Summary 

The high-speed performance can be improved by introducing an appropriate built-in 

electric field in the absorption layer. In this chapter, we first confirmed that, by 

incorporating a linearly graded doping profile in the absorption layer, which has been a 

widely used method, the bandwidth can be enhanced. The 3-dB bandwidth increases from 

original 46.25 GHz to 55.25 GHz. Then, we proposed a graded bandgap absorption layer. 

According to the simulation results, it is found that a built-in electric field in the 
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absorption layer can be constructed by applying the graded bandgap structure. This 

method leads to a 3-dB bandwidth of 58.33 GHz. The better performance is caused by the 

higher introduced built-in electric field in the front part of absorption layer. Furthermore, 

by using partially graded absorption layer structure, these two methods are optimized 

respectively. By the optimization of graded doping structure, the 3-dB bandwidth raised 

to 60.67 GHz. On the other hand, the bandwidth performance of the optimum graded 

bandgap structure is 59.07 GHz. Since the optimized graded doping structure leads to a 

wider depletion region in the absorption layer, the bandwidth performance improvement 

is greater. Finally, the bandwidth performance of the UTC-PD with combined graded 

absorption layer structure is investigated. A 3-dB bandwidth of 64.48 GHz is predicted, 

the improvement is 39.4%. And it is found that, the combined introduced built-in electric 

field is nearly the sum of the built-in electric fields created by graded doping structure 

and graded bandgap structure. 
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Chapter 4  Investigation and Design of Collection 

Layer Doping Profile 

It is well known that the space-charge effect is the primary mechanism which causes 

saturation at high current level in photodiodes [48]. At high optical injection level, the 

electric field in the depletion region will redistribute due to the space-charge effect, 

which may result in reduced electron velocity and degradation of the bandwidth and 

output power. It has been suggested that the space-charge suppression of the electric field 

could be compensated by a fixed distribution of background dopants [49]. Thus, the 

doping concentration in the depleted InP collection layer is very important, since it is 

directly relevant to the saturation performance. By appropriately doping the depletion 

region, the electric field distribution can be adjusted. Thereby, the space-charge effect 

can be reduced, and the saturation performance can be improved effectively. In addition, 

there is another advantage by using the technique of charge compensation. Unlike the 

method, which relieves the space-charge effect by increasing the bias voltage, charge 

compensation method will not lead to thermal effect. In the following, the space-charge 

effect in the collector and the technique of charge compensation with various doping 

levels are first investigated by analyzing the energy band profile and the distribution of 
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the electric field. According to the analysis, we proposed a new collection layer design 

based on linear doping profile. Furthermore, it is found that the saturation performance 

can be further improved by using Gaussian doping profile in the collection layer. 

4.1 Space-charge effect in UTC-PDs 

In order to analyze the space-charge effect, we investigated electron concentration 

profiles, the distributions of electric field in the collection layer, and also the energy band 

structures at different optical injection levels. As shown in Fig. 4.1, at high light intensity, 

the distribution of electron concentration in the absorption layer (from 0.07 to 0.29 µm) is 

different from the cases of low optical injection levels. There is a significant difference in 

the electron concentration profile when the light intensity is higher than 2x106 W/cm2. 

The electron concentration near the absorption layer and space layer interface (from 

~0.25 to 0.29 µm) is higher than that near the blocking layer and absorption layer 

interface (from 0.07 to ~0.11 µm). This implies that, as the optical power goes higher, the 

electron starts to accumulate near the absorption layer and space layer interface. Then, as 

the light intensity further increases, more electrons will be accumulated in the absorption 

layer due to the fact that the electron cannot effectively transport from the absorption 

layer to the collection layer. This can be seen from the case in Fig. 4.1, in which the light 
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intensity is 2.25x106 W/cm2. The accumulation of electrons in the absorption layer 

greatly increases the carrier recombination probability, which leads to the responsivity 

reduction. Moreover, the higher concentration of electrons in the absorption layer near 

the space layer end hinders the diffusion of electrons from the absorption layer to the 

collection layer to some extent and shows a tendency toward saturation. In addition, the 

accumulated electrons will introduce an electric field which is reverse to the applied 

electric field. This will cause adverse effect on the internal electric field. It can be seen 

from the distribution of electric field in Fig. 4.2, as the optical power raises, the electric 

field drops in the space layer (from 0.30 to 0.32 µm), cliff layer (from 0.32 to 0.327 µm), 

and also the input end of collection layer (from 0.327 to ~0.437 µm). On the other hand, 

it is illustrated in Fig. 4.3, as the light intensity increases, the excess carrier bends the 

energy bands. The energy bands in the collection layer near the absorption end (from 

0.327 to ~0.437 µm) become flatter and those near the subcollection end (from ~0.437 to 

0.59 µm) become steeper. This indicates the corresponding changes of the electric field in 

the collection layer (from 0.327 to 0.59 µm). As shown in Fig. 4.2, when the optical 

injection level increases, the electric field near the absorption end (from 0.327 to ~0.437 

µm) is reduced and it increases near the subcollection end (from ~0.437 to 0.59 µm). 

These simulation results are in agreement with the report of T. Ishibashi et al. [6]. If the 
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electric field at the collection layer input end becomes smaller than a critical value, the 

electrons drift velocity will be considerably reduced, which affects the device’s 

modulation response and leads to saturation. The critical value of electric field for InP is 

about 10 kV/cm [50]. Accordingly, we can conclude that the space-charge effect mainly 

occurs in the collection layer near the absorption layer end. The corresponding reduction 

of electric field at this side leads to output current saturation. 
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Figure 4.1  Electron concentration profiles of PD80 at various light intensity levels. 
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Figure 4.2  Distribution of electric field in the depletion region of PD80 at various light intensity 

levels. 
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Figure 4.3  Band diagram of PD80 at various light intensity levels. 
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4.2 Charge compensation by using uniform doping profile in 

the collector 

As mentioned above, the space-charge effect can be reduced by using the technique 

of charge compensation. N. Li et al. [51] have demonstrated that by using a uniformly 

n-doped collection layer, the space-charge effect is reduced, and thus the saturation 

performance is improved. We will analyze how this method works. First of all, we study 

the effect of different collection layer doping concentration on photocurrent. As has been 

reported in [52]-[53], for n-type InP, when the doping concentration is below 1x1017 cm-3, 

the electron mobility and the overshoot velocity are almost the same as those in un-doped 

material. Thus, the photocurrent is simulated under DC illumination with various 

collection layer doping concentrations from 0 (non-intentionally doping (n.i.d.)) to 5x1016 

cm-3, in which 1x1016 cm-3 is used in the original design [6] (as shown in Table 2.1) for 

charge compensation. It can be seen from Fig. 4.4, for different collection layer doping 

concentration, the photocurrent first increases linearly, then tends to saturation at high 

optical injection levels as the light intensity increases. The slope indicates the optical 

responsivity. We can see that, due to the space-charge effect, the responsivity decreases 

when the optical power is high enough. Moreover, it is shown that, as the collection layer 
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doping concentration goes higher, the DC saturation current increases. This implies that 

higher average doping level in the collection layer may lead to better saturation 

performance. According to the distribution of electric field in the collection layer (from 

0.327 to 0.59 µm) without optical injection and at high optical injection level (the light 

intensity is 2x106 W/cm2), which is shown in Fig. 4.5 and Fig. 4.6, we can see that the 

saturation current is improved because of the increased electric field in the collection 

layer near the absorption layer end (from 0.327 to ~0.437 µm). However, as seen in Fig. 

4.7, when the doping concentration is high enough, the energy bands in the collection 

layer near the subcollection end (from ~0.52 to 0.59 µm) become flatter. This implies that 

the collection layer cannot be completely depleted at normal device operation bias 

voltage. As the depletion region shrinks, it cannot extend to the InP subcollection layer, 

which leads to higher junction capacitance and series resistance. The electrons in the 

collection layer cannot be rapidly swept into the subcollection layer to form the 

photocurrent. Therefore, the bandwidth performance degradation occurs at high 

collection layer doping concentration. Although we can adopt a higher bias voltage to 

fully deplete the collection layer and also reduce the space-charge effect, the heat power 

will increase and thus leads to device thermal failure. Consequently, for the considered 

UTC-PD, there is a proper uniform doping concentration range to obtain better 
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performance. It is found to be around 2x1016 cm-3 to 3x1016 cm-3. As plotted in Fig. 4.8, 

which is obtained from the modulation response, we investigated the variation of 3-dB 

bandwidth performance with increasing average photocurrent for different uniform 

doping levels. Among them, the uniform doping level of 1x1016 cm-3 is the original 

design [6]. We can observe that, for each case, 3-dB bandwidth first increases with the 

injection power, then decreases due to output saturation. The self-induced electric field in 

the absorption layer has explained the increase of bandwidth [6]. Moreover, it is shown 

that, as analyzed above, bandwidth decreases with increasing doping concentration. 

While, since the saturation performance is improved by increasing doping concentration, 

the degradation of 3-dB bandwidth occurs at higher photocurrent. We found that, for 

PD80, the appropriate uniform doping concentration in the collection layer is 2x1016 cm-3. 

Comparing this case with the case of 1x1016 cm-3, which is the original design [6], the 

saturation current is enhanced and the bandwidth is slightly reduced. In the following 

sections, the UTC-PD, in which the collection layer is uniformly doped to 2x1016 cm-3, is 

used for comparison.   
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Figure 4.4  Simulated DC photocurrent versus light intensity for PD80 at various collector doping 

levels. 
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Figure 4.5  Distribution of electric field in the depletion region of PD80 at various collector 

doping levels without light injection. 
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Figure 4.6  Distribution of electric field in the depletion region of PD80 at various collector 

doping levels under 2x106 W/cm2 light injection. 
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Figure 4.7  Band diagram of PD80 at various collector doping levels. 
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Figure 4.8  Simulated 3-dB bandwidth versus photocurrent for PD80 with different uniform 

doping level in the collection layer. 

4.3 Design of collection layer based on linear doping profile 

According to the above analysis, the space-charge effect mainly occurs in the 

collection layer near the absorption layer end. The saturation performance is primarily 

limited by the low electric field near this end under high optical injection. Thus, we need 

to focus on increasing the electric field in this region. The electric field distribution in the 

collection layer can be adjusted by using the technique of charge compensation. 

Therefore, the electric field in that region can be improved if the collection layer is doped 
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appropriately. And also the saturation performance can be further improved. As shown in 

Fig. 4.5 and Fig. 4.6, the electric field in the collection layer near the absorption end 

(from 0.327 to ~0.437 µm) is enhanced as the doping concentration increases. While the 

electric field in the collection layer near the subcollection layer end (from ~0.437 to 0.59 

µm) is opposite, it decreases as the doping concentration increases. Thereby, in the 

collection layer, we need to highly dope the absorption layer side and lightly dope the 

subcollection side to improve the distribution of electric field. Consequently, we prefer to 

use a linear doping profile instead of the uniform doping profile. 

4.3.1 Linearly doped collection layer design 

We assume that the doping concentration in the collection layer changes linearly 

from N1 to N2, corresponding to the absorption layer side and the subcollection layer side 

respectively. In order to reasonably compare the saturation performance between the 

device with linearly doped collection layer and the device with uniformly doped 

collection layer, other conditions should keep the same. Moreover, the average doping 

concentration of linear doping, which is (N1+N2)/2, should be the same as the uniform 

doping concentration N0. This is because, as analyzed previously, different average 

doping concentration in the collection layer leads to different saturation performance. 
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Normally, the saturation current increases with higher average doping concentration. As 

mentioned above, for the considered UTC-PD, which is used for comparison, the uniform 

doping concentration in the collection layer is N0=2x1016 cm-3. In order to construct a 

large gradient and dope the collection input end as high as possible, we assume that N2=0. 

Then, the corresponding concentration in the linearly doped collection layer should 

change from N1=4x1016 cm-3 to 0. The effect of changing the doping profile in the 

collection layer is to modify the distribution of electric field. It can be seen from Fig. 4.9, 

under high light intensity, the electric field in the space layer (from 0.3 to 0.32 µm), cliff 

layer (from 0.32 to 0.327 µm) and the input end of collection layer (from 0.327 to ~0.36 

µm) is improved by using linear doping profile. Consequently, the light intensity can be 

further increased until the electric field reaches the critical value, at which the saturation 

occurs. On the other hand, the higher electric field in these regions helps to accelerate the 

electrons. Thus, there are less electrons trapped in the interface barriers between these 

regions. As shown in Fig. 4.10, at the light intensity of 2.4x106 W/cm2, for the device 

with uniformly doped collection layer, the electron is accumulated in the absorption layer 

(from 0.07 to 0.29 µm), since the electron concentration in the absorption layer is higher 

than that in the space layer (from 0.29 to 0.32 µm). While, the electron is hardly 

accumulated in the absorption layer when the linear doping profile is employed in the 
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collection layer. This implies that, for the device with linearly doped collection layer, 

there are more electrons swept to the subcollection layer to contribute to the photocurrent. 

As the light intensity further increases, more electron-hole pairs are generated and more 

electrons can transport to the collection layer until the electrons start to accumulate in the 

absorption layer, which indicates the saturation happening. Hence, the saturation 

performance is improved. By using physics-based modeling, the DC photocurrent as a 

function of the light intensity is obtained, as plotted in Fig. 4.11. Moreover, in order to 

facilitate the comparison, we define the current at the inflection point of the linear fitting 

polyline as the saturation current. We can see that, by using linear doping method in the 

collection layer, the DC saturation current is successfully increased from 296.92 mA to 

314.10 mA, and the improvement is 5.8%.  
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Figure 4.9  Distribution of electric field in the depletion region of the device with different 

collection layer structure under 2x106 W/cm2 light injection. Inset is the enlarged view at the 

input end of collector. 
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Figure 4.10  Electron concentration profiles in the absorption layer for the device with different 

collection layer structure under 2.4x106 W/cm2 light injection. 
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Figure 4.11  Simulated DC photocurrent versus light intensity for the device with different 

collection layer structure. 

4.3.2 Optimization of linearly doped collection layer 

As introduced previously, the saturation performance is mainly limited by the low 

electric field in the collection layer near the absorption layer end under high optical levels. 

The electric field near this end can be raised by increasing the doping concentration. Thus, 

the saturation performance can be further improved by increasing the doping 

concentration near this end. For the linear doping profile as we mentioned above, we 

should increase the value of N1. However, if we only increase the value of N1 and do not 

decrease the value of N2, the average doping concentration will become higher. Then, the 
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comparison with the considered UTC-PD is not reasonable. Moreover, this may cause the 

collection layer that cannot be fully depleted, which results in the bandwidth degradation 

as explained before. Therefore, in order to maintain the average doping concentration 

unchanged and enhance the electric field at that side simultaneously, an effective method 

is to use a partially doped collection layer structure. As illustrated in Fig. 4.12, we divide 

the collection layer into a doped region and an undoped region. WC is the thickness of the 

collection layer, WCD is the thickness of the doped region. As defined above, the average 

doping concentration in the linearly doped region is N1/2, since we assumed the value of 

N2 is zero. We also define the average doping concentration in the collection layer as D. 

According to the definition, 
C

CD

W

WN
D 

2

1 . For the initial case, WCD=WC=263 nm and 

N1=4x1016 cm-3. Thus, D=2x1016 cm-3. In order to find the optimized linear doping 

structure, we maintain the average doping concentration D unchanged, only shrink the 

thickness of the linear doping region WCD. Since the electron mobility and the overshoot 

velocity may be affected by high doping concentration, the maximum value of N1 is 

limited to 1x1017 cm-3. Thereby, the ratio of WCD/WC can range from 0.4 to 1. Fig. 4.13 

shows the DC saturation current, which is obtained from the DC photocurrent response to 

light intensity, with varying the value of WCD/WC. It can be seen that the DC saturation 

current first increases and then decreases as WCD shrinks. We found the maximum DC 



 84 

saturation current occurs at case P2, where WCD/WC is ~0.64. In addition, as shown in Fig. 

4.14, we compared the distributions of electric field at the input end of collector (from 

0.327 to 0.38 µm) at high light intensity (2x106 W/cm2) between four cases, P1 

(WCD/WC=1.0, N1=4x1016 cm-3, initial linear doping profile), P2 (WCD/WC=0.64, 

N1=6.25x1016 cm-3), P3 (WCD/WC=0.5, N1=8x1016 cm-3) and P4 (WCD/WC=0.4, 

N1=1x1017 cm-3). The simulation results can be explained as follows. Firstly, the value of 

N1 increases as WCD shrinks. Thus, there are more dopants in the collection layer near the 

absorption layer end for space-charge compensation. As can be seen in Fig. 4.14, the 

electric field at this end (~0.332 µm) is enhanced. According to the previous analysis, 

higher electric field at this end leads to higher saturation current, such as case P2. Then, 

as WCD further shrinks, the electric field at this end still increases. However, for case P3, 

the distribution of electric field near this end (from 0.327 to 0.38 µm) becomes flatter and 

the average electric field in this region (from 0.327 to 0.38 µm) becomes lower. This is 

unfavorable to efficiently accelerate the electrons to transport through the depletion 

region. Therefore, the DC saturation current drops. Furthermore, when WCD becomes too 

short, the minimum electric field appears inside the collection layer. For case P4, 

although the electric field in the collection layer at the absorption layer end (~0.332 µm) 

is the highest, the saturation performance is limited by the low electric field inside the 
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collection layer (~0.353 µm). Consequently, the saturation performance becomes even 

worse. As can be seen from Fig. 4.13, for the considered UTC-PD, the optimal thickness 

of linear doping region is ~168.3 µm (WCD/WC is ~0.64). After the optimization, the 

improvement in DC saturation current, from P1 314.10 mA to P2 318.90 mA, is 1.53%, 

which is not significant. 

 

Figure 4.12  Schematic diagram of the linear doping profile optimization method. The left side 

is the cliff layer side. 



 86 

0.4 0.5 0.6 0.7 0.8 0.9 1.0
312

313

314

315

316

317

318

319

320

P4

P3

P2

P1

 

 

D
C

 s
a
tu

ra
ti
o
n
 c

u
rr

e
n
t 
(m

A
)

WCD/WC

Average doping concentration D: 2x10
16

 cm
-3

 

Figure 4.13  Simulated DC saturation current versus WCD/WC at D=2x1016 cm-3. 
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Figure 4.14  Distribution of electric field at the input end of collector under 2x106 W/cm2 light 

intensity for the four cases marked in Fig. 4.13.  
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4.4 Design of collection layer based on Gaussian doping profile 

According to the previous analysis, the DC saturation current is not enhanced 

significantly by the optimization of linearly doped collection layer. On the other hand, as 

can be seen from Fig. 4.14, althought the maximum saturation current occurs at case P2, 

its electric field in the collection layer near the absorption layer end (from 0.327 to ~0.34 

µm) is lower than that of case P3. Thus, at high optical injection level, the minimum 

electric field in the collection layer may not be the only factor that limits the saturation 

performance. It is found that, the electric field gradient also has influence on the 

saturation performance. When the minimum values of the electric field are similar, if the 

electric field gradient at the input side of collection layer is larger, the saturation 

performance will be better.  

As mentioned above, near the input side of the collection layer, higher doping 

concentration leads to higher electric field. While, for the output side of the collection 

layer, the electric field decreases as the doping concentration increases. Thereby, in order 

to enhance the electric field gradient near the collector input end and ensure a high 

electric field near the output end, we need to first increase the doping concentration from 

the collector input end and then decrease it from the peak value. This can be achieved by 
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using Gaussian doping profile. In the following, the design of collection layer based on 

Gaussian doping profile is investigated. 

In ATLAS, the Gaussian doping profile is given by [30] 



















2

Y.CHAR

PEAK-Y
-expN.PEAK)(YN ,                               (4.1) 

where N.PEAK is the peak concentration of the Gaussian distribution, PEAK is the depth 

location of the peak doping in the Gaussian profile, and Y.CHAR is the principal 

characteristic length of the implant, which describes the spatial spread of the distribution. 

Different Gaussian doping profiles can be obtained by changing these parameters. 

Accordingly, different electric field distributions in the collection layer can be achieved. 

We can optimize the saturation performance by adjusting N.PEAK, PEAK and Y.CHAR. 

In addition, there is another condition that should be satisfied. In order to reasonably 

compare with the considered UTC-PD, we should maintain the same average doping 

concentration in the collection layer as mentioned above. Namely, the average doping 

concentration in the collection layer should be 2x1016 cm-3. Here, we define the average 

doping concentration D in the collection layer by 
CW

Q
D  , where Q is the implant dose 

contained within the collection layer, and WC is the thickness of the collection layer, 

which is 263 nm for the studied UTC-PD. It can be calculated that, the implant dose Q in 
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the collection layer is 5.26x1011 cm-2. For Gaussian profile, the total dose can be 

calculated by integrating N(Y) over the collection layer region, which can be expressed 

as follows, 



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
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2
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12

2

1

PEAKy
erf

PEAK
erf

dYYNQ
y

y


      (4.2) 

where y1 and y2 are the depth location of the input side and output side of the collection 

layer respectively. For the studied UTC-PD, y1=0.327 µm and y2=0.59 µm. According to 

Eq. (4.2), for a given set of values of PEAK and Y.CHAR, a certain value of N.PEAK 

can be obtained to satisfy the condition. Therefore, we only need to vary the values of 

PEAK and Y.CHAR to find the suitable Gaussian doping profile, and thus achieve the 

optimal saturation performance. The effects of these two parameters will be investigated. 

Firstly, the impact of different locations of the peak doping concentration on the 

saturation performance is studied. We assume the value of the principal characteristic 

length Y.CHAR is 0.05 µm, and the location of the peak doping concentration PEAK 

moves from the collector input end to the middle of the collection layer. When the peak 

doping concentration of the Gaussian profile is at the input end of the collection layer, it 

is similar to the case of linear doping profile. As shown in Table 4.1, the corresponding 

peak concentration of the Gaussian distribution can be calculated by using Eq. (4.2). 
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Table 4.1  N.PEAK at various values of PEAK, when Y.CHAR=0.05 µm. 

 Y.CHAR=0.05 µm  

PEAK (µm) 0.327 0.35 0.38 0.39 0.4 0.4585 

N.PEAK (cm-3) 1.19x1017 8.00x1016 6.36x1016 6.17x1016 6.05x1016 5.94x1016 

Thus, different Gaussian doping profiles in the collection layer can be determined. The 

relation between the DC saturation current and the depth location of the peak doping is 

plotted in Fig. 4.15. As mentioned above, when the doping concentration is higher than 

1x1017 cm-3, the electron mobility and velocity overshoot may be affected. Thus, the case 

that the location of the peak doping is at the collector input end (PEAK=0.327 µm) is not 

considered. It can be seen that the DC saturation current first increases and then decreases 

as the location of the peak doping moves from the input end to the middle of the 

collection layer. The maximum DC saturation current occurs at P2, where the depth 

location of the peak doping is ~0.39 µm. In addition, the Gaussian doping profiles in the 

collection layer of three cases, P1 (PEAK=0.35 µm), P2 (PEAK=0.39 µm) and P3 

(PEAK=0.4585 µm, the middle of collection layer), are shown in Fig. 4.16. The 

comparison of the distributions of electric field at the input end of collection layer at high 

light intensity (2x106 W/cm2) between these three cases is plotted in Fig. 4.17. According 

to Fig. 4.16, we can see that, as the location of the peak doping moves from the input end 

to the middle of the collection layer, there are less dopants near the collector input end 
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(from 0.327 to ~0.38 µm) for space-charge compensation. Consequently, as shown in Fig. 

4.17, the electric field near this end (from 0.325 to ~0.332 µm) drops. On the other hand, 

the difference of the doping concentration from the input end to the peak location 

becomes larger, which leads to the electric field gradient becomes larger. According to 

the previous analysis, lowering electric field near the input side of the collection layer 

results in poorer saturation performance. However, if the electric field gradient increases, 

the electron can be efficiently accelerated, which leads to better saturation performance. 

Thus, there is a trade-off between the minimum electric field and the electric field 

gradient. The change of saturation current, as plotted in Fig. 4.15, can be explained as 

follows. When the location of the peak doping moves from case P1 to case P2, the 

saturation performance is enhanced since the electric field gradient plays a dominant role. 

After P2, the saturation current drops since it is mainly limited by the minimum electric 

field. For the optimal case P2, in which the depth location of the peak doping of Gaussian 

distribution is ~0.39 µm, the corresponding DC saturation current is 333.47 mA.  



 92 

0.35 0.36 0.37 0.38 0.39 0.40 0.41 0.42 0.43 0.44 0.45 0.46

308

312

316

320

324

328

332

336

P1

P3

 

 

D
C

 s
a
tu

ra
ti
o
n
 c

u
rr

e
n
t 

(m
A

)

The depth location of the peak doping (m)

P2

Y.CHAR=0.05 m

Average doping concentration D: 2x10
16

 cm
-3

 

Figure 4.15  Simulated DC saturation current versus the depth location of the peak doping at 

Y.CHAR=0.05 µm and D=2x1016 cm-3. 
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Figure 4.16  Gaussian doping profile in the collection layer for the cases marked in Fig. 4.15. 
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Figure 4.17  Distribution of electric field at the input end of collector under 2x106 W/cm2 light 

intensity for the three cases marked in Fig. 4.15. 

Then, we set the peak doping position to 0.39 µm and investigate the effect of 

characteristic length on the saturation performance. The characteristic length Y.CHAR 

determines the spatial broadening of distribution. When the characteristic length becomes 

larger, Gaussian distribution will be more flat. If the characteristic length is large enough, 

it will be similar to the case of uniform doping profile. As shown in Table 4.2, the peak 

concentrations of the Gaussian distribution at several values of characteristic length can 

be calculated by using Eq. (4.2). 
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Table 4.2  N.PEAK at various values of Y.CHAR, when PEAK=0.39 µm. 

 PEAK=0.39 µm  

Y.CHAR (µm) 0.029 0.03 0.04 0.05 0.06 

N.PEAK (cm-3) 1.02x1017 9.91x1016 7.52x1016 6.17x1016 5.31x1016 

Thus, different Gaussian doping profiles in the collection layer can be obtained. Fig. 4.18 

shows the DC saturation current with varying the value of characteristic length Y.CHAR. 

We can see that the DC saturation current increases as the characteristic length Y.CHAR 

decreases. However, since the electron mobility and velocity overshoot may be affected 

by the doping concentration higher than 1x1017 cm-3, the case that the characteristic 

length is less than 0.03 µm is not considered. Thus, the maximum DC saturation current 

occurs at P3, where the characteristic length is ~0.03 µm. Moreover, Fig. 4.19 shows the 

Gaussian doping profiles in the collection layer of the three cases, P1 (Y.CHAR=0.06 

µm), P2 (Y.CHAR=0.05 µm) and P3 (Y.CHAR=0.03 µm). The comparison of the 

distributions of electric field at the input end of the collection layer at high light intensity 

(2x106 W/cm2) between these three cases are plotted in Fig. 4.20. According to Fig. 4.19, 

we can see that, as the characteristic length decreases, Gaussian distribution becomes 

steeper, and thus the difference of the doping concentration from the collector input end 

to the peak location becomes larger. Consequently, as shown in Fig. 4.20, the electric 

field increases more rapidly. In addition, it can be seen that the minimum value of the 
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electric field in each case is very close, namely the limitation of low electric field for 

each case is almost the same. Therefore, according to the previous analysis, the electric 

field which rises faster leads to a better saturation performance. This is verified by the 

simulation results shown in Fig. 4.18. For the considered UTC-PD, the optimal Gaussian 

doping profile can be obtained by specifying the peak concentration N.PEAK to 

9.91x1016 cm-3, the peak doping location PEAK to 0.39 µm, and the characteristic length 

Y.CHAR to 0.03 µm. The DC saturation current is significantly improved to 337.94 mA. 

Compared to the corresponding UTC-PD with optimized linearly doped collection layer, 

the improvement is 6.0%. 
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Figure 4.18  Simulated DC saturation current versus Y.CHAR at PEAK=0.39 µm 

      and D=2x1016 cm-3. 
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Figure 4.19  Gaussian doping profile in the collection layer for the cases marked in Fig. 4.18. 
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Figure 4.20  Distribution of electric field at the input end of collector under 2x106 W/cm2 light 

intensity for the three cases marked in Fig. 4.18. 
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4.5 Discussion and summary 

In this chapter, the doping effect in the collection layer is investigated. First of all, it 

is verified that, as described in [54], the space-charge effect can be characterized by the 

electric field reduction at the collector input under high current injection. And the 

space-charge effect can be relieved by using the technique of charge compensation. It is 

verified that the saturation current can be enhanced by employing a uniformly doped 

collector layer. Then, in order to further improve the saturation perforance, a collection 

layer with linear doping profile and a collection layer with Gaussian doping profile are 

proposed. Moreover, all the methods are optimized. In the following, Fig. 4.21 shows the 

different doping profiles in the collection layer, the corresponding distributions of electric 

field near the input end of the collection layer are illustrated in Fig. 4.22, and the DC 

photocurrent response to the optical source is plotted in Fig. 4.23. Firstly, according to 

the optimization of uniform doping profile, it is found that, higher collector doping level 

leads to better saturation performance. This is because the electric field in the space layer, 

cliff layer and the collector input side is enhanced. However, 3-dB bandwidth drops at 

high doping concentration, since the collection layer cannot be completely depleted at 

normal device operation bias voltage. For PD80, the appropriate uniform doping 
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concentration is found to be 2x1016 cm-3. Compared to the original structure in [6], the 

DC saturation current increases from 268.67 mA to 296.92 mA, an improvement of 

10.5%. Then, the average doping concentration in the collection layer is maintained the 

same, while the uniform doping profile is replaced by linear doping profile and Gaussian 

doping profile. We can see that, the electric field is further enhanced, which further 

reduces the space-charge effect, and thus leads to better saturation performance. By 

employing the optimized linear doping profile, the saturation current can be increased to 

318.90 mA. Compared to the original structure [6], the improvement is 18.7%. While, a 

saturation current of 337.94 mA is achieved by using optimized Gaussian doping profile. 

Compared to the original structure [6], the improvement is 25.8%. As can be seen from 

Fig. 4.22, comparing the Gaussian doping method with the linear doping method, 

although the electric field in the space layer (from 0.31 to 0.32 µm), cliff layer (from 0.32 

to 0.327 µm) and the collector input end (from 0.327 to ~0.329 µm) is a little bit lower, 

the rapidly rising electric field in the collection layer leads to the better saturation 

performance. 
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Figure 4.21  Different doping profile in the collection layer. Noted: the y-axis scale is log10. 
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Figure 4.22  Distribution of electric field near the input end of collector under 2x106 W/cm2 light 

intensity for PD80 with different collector doping profile.  
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Figure 4.23  Simulated DC photocurrent versus light intensity for PD80 with different collector 

doping profile. 
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Chapter 5  Design and Fabrication of High-Speed and 

High-Power UTC-PDs 

As described in chapter 3, we proposed a novel graded bandgap absorption layer 

structure to improve the speed performance. In this chapter, the epitaxial layer structures 

of two designed broadband and high-output power UTC-PDs are described. Different 

from the first UTC-PD (PDA), the other UTC-PD (PDB) employs a graded bandgap 

absorption layer to enhance the bandwidth performance. Moreover, a cliff layer, which 

can be used to improve saturation performance, is added in PDB. Additionally, the design 

of fabrication process is introduced. 

5.1 Device structure 

The epitaxial layer structure of PDA is designed according to the Near-ballistic 

UTC-PD (NBUTC-PD) reported by J.-W. Shi et al. [19]. Their NBUTC-PD shows 

superior performance. A 250 GHz bandwidth and a 17 mA saturation current under a 50 

ohm load has been demonstrated [19]. Both the structures of PDA and PDB were grown 

on semi-insulating (S.I.) InP substrates by the chemical beam epitaxy (CBE) reactor. 

Table. 5.1 shows the epitaxial layer structure of our designed PDA in detail. Compared 

with their NBUTC-PD, the major difference is that we employ In1-xGaxAsyP1-y system 
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instead of In1-x-yAlxGayAs system. Starting from the substrate, the epitaxial layer growth 

begins sequentially with a 200 nm n+ InP layer and a 20 nm n+ In0.53Ga0.47As etching stop 

layer. The 800 nm n+ InP contact layer is highly doped to 4x1018 cm-3 to reduce the 

contact resistance. Followed is three thin charge layers, which consist of a 5 nm n+ InP 

charge layer, a 5 nm p− InP charge layer and a 10 nm p+ InP charge layer. Charge layers 

are inserted to control the distribution of the electric field in the collector layer. Then, the 

120 nm n− InP collection layer is followed by a 20 nm lightly n-type doped 

In0.53Ga0.47As→InP transition layer. As mentioned in chapter 4, the collection layer is 

n-type doped to 2x1016 cm−3 for charge compensation. The transition layer is employed to 

form a smooth connection between the absorption layer and the collection layer. Here, 

the transition layer is achieved by changing the the composition fractions x and y of 

In1-xGaxAsyP1-y. The composition fraction x varies linearly from 0.47 to 0, and y varies 

from 1 to 0 correspondingly. The 150 nm p-type In0.53Ga0.47As absorption layer employs 

a linearly graded doping profile to introduce a built-in electric field which can assist 

electron to transport. The highest doping concentration in the absorption layer is located 

at the blocking layer side and the lowest concentration is located at the transition layer 

side. Above the absorption layer, the function of the 80 nm wide bandgap p+ InP blocking 

layer is to prevent the diffusion of the electrons to the anode and promote the electrons 
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generated in the absorption layer to transport towards the InP collection layer. On top is a 

100 nm p+ In0.53Ga0.47As contact layer, which is highly doped to form a good ohmic 

contact. The epitaxial layer structure of PDB is shown in Table. 5.2. Compared to PDA, a 

graded bandgap absorption layer is employed in PDB to construct a built-in electric field 

and thus improve the speed performance. The In0.53Ga0.47As absorption layer of PDA is 

replaced by a linear compositionally-graded In0.59Ga0.41As0.88P0.16→In0.53Ga0.47As 

absorption layer. As a result, for PDB, the energy gap of the absorption layer varies 

linearly from 0.786 eV to 0.737 eV. This linearly graded energy gap is suitable for the 

device operation at a optical wavelength of 1.55 μm, and can introduce a built-in electric 

field to accelerate the electrons. It is noted that, similar to the NBUTC-PD structure in 

[19], for both PDA and PDB, the charge layer is inserted between the collection layer and 

the n-contact layer. The charge layer is used to enhance the electric field near the output 

side of the collection layer. In addition, for PDB, not only the charge layer, but also a 20 

nm n+ InP cliff layer is added between the transition layer and the collection layer. The 

function of the cliff layer is similar to that of the charge layer. It is used to sustain the 

high electric field near the input side of the collection layer. And thus the saturation 

performance can be further enhanced. 
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Table 5.1  Epitaxial layers of PDA. 

Layer 
Thickness 

(nm) 
Doping (cm-3)/Type 

Band gap Eg 

(eV) 

In0.53Ga0.47As p-contact 100 >1×1019/P 0.737 

InP blocking 80 1.5×1018/P 1.35 

In0.53Ga0.47As absorption 150 1.5×1019 (T) - 2.5×1017 (B)/P 0.737 

In0.53Ga0.47As (T) - InP (B) transition 20 2×1016/N -- 

InP collection 120 2×1016/N 1.35 

InP charge 1 10 1.5×1018/P 1.35 

InP charge 2 5 2×1016/P 1.35 

InP charge 3 5 1×1018/N 1.35 

InP n-contact 800 4×1018/N 1.35 

In0.53Ga0.47As etch stop 20 4×1018/N 0.737 

 InP subcolleciton 200 4×1018/N 1.35 

(S. I. InP Sub) 

 

Table 5.2  Epitaxial layers of PDB. 

Layer 
Thickness 

(nm) 
Doping (cm-3)/Type 

Band gap Eg 

(eV) 

In0.53Ga0.47As p-contact 100 >1×1019/P 0.737 

InP blocking 80 1.5×1018/P 1.35 

In0.59Ga0.41As0.88P0.16 (T) 

- In0.53Ga0.47As (B) absorption 
150 1.5×1019 (T) - 2.5×1017 (B)/P 0.786-0.737 

In0.53Ga0.47As (T) - InP (B) transition 20 2×1016/N -- 

InP cliff 20 2×1017/N 1.35 

InP collection 120 2×1016/N 1.35 

InP charge 1 10 1.5×1018/P 1.35 

InP charge 2 5 2×1016/P 1.35 

InP charge 3 5 1×1018/N 1.35 

InP n-contact 800 4×1018/N 1.35 

In0.53Ga0.47As etch stop 20 4×1018/N 0.737 

 InP subcolleciton 200 4×1018/N 1.35 

(S. I. InP Sub) 
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5.2 Device characterization 

For PDA and PDB, the simulations of modulation response, the distribution of the 

electric field in the absorption layer and DC photocurrent are performed. According to 

Fig. 5.1, we can see that the 3-dB bandwidth of PDA is 247.2 GHz, which is in good 

agreement with the reported bandwidth (250 GHz) in [19]. For PDB, as expected, a higher 

3-dB bandwidth of 295.3 GHz is achieved. Moreover, as can be seen from Fig. 5.2, in the 

0.15-µm-thickness absorption layer (from 0.18 to 0.33 µm), the built-in electric field of 

PDB is higher than that of PDA. Therefore, the benefits of proposed graded bandgap 

absorption layer is further verified. Additionally, as obtained from Fig. 5.3, the DC 

saturation currents of PDA and PDB are predicted to be 101.6 mA and 113.4 mA 

respectively. The saturation performance improvement is due to the effect of cliff layer. 
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Figure 5.1  Simulated modulation response of PDA and PDB. 
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Figure 5.2  Distribution of electric field in the absorption layer of PDA and PDB. 
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Figure 5.3  Simulated DC photocurrent versus light intensity of PDA and PDB. 

5.3 Device fabrication 

This section describes the design of fabrication process of the above mentioned 

UTC-PD PDA and PDB. In order to save time and to avoid device failure which may be 

caused by fabrication process, we need to minimize process steps and reduce process 

complexity as far as possible. Thus, we will fabricate the wafer into backside illuminated 

mesa structures by using conventional photolithography, dry and wet etching, passivation, 

and metal liftoff techniques. In the following, the important techniques and the major 

steps of fabrication flow will be described in sequence. 



 108 

5.3.1 P-type contact metalization 

In order to improve 3-dB bandwidth performance, the RC-time constant τRC need to 

be reduced. Thus, contact metalization is significant for broadband UTC-PD, because the 

contact resistance is the main part of the parasitic series resistance. The formation of 

good ohmic contact is required. The advantage of the ohmic contact is that the contact 

resistance is small. The contact resistance Rc is inversely proportional to the area of the 

contact [55], and it can be given by ArR cc  . Here, rc is the specific contact resistivity in 

ohm-cm2 and A is the area of the contact. The specific contact resistivity is found to be 

[56] 

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2
exp , where ϵs is the permittivity of the semiconductor, m* is the 

effective mass of carrier, ħ is the Planck’s constant, N is the impurity doping 

concentration, and ϕB is the barrier height of the semiconductor contact. Moreover, for 

p-type contact, the barrier height can be expressed as  SMgB E   , where Eg is 

known as the bandgap energy of semiconductor, ϕM is the metal work function and χs is 

the electron affinity of semiconductor. The small specific contact resistivity rc is desired. 

Therefore, we need to highly dope the contact layer of our device and construct a low 

barrier height of the semiconductor contact. As described above, the doping level in the 

InGaAs p-contact layer is more than 1x1019 cm-3. The bandgap energy and the electron 
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affinity of InGaAs is 0.737 eV and 4.58 eV respectively. We use Au (gold, ϕM=5.1 eV) as 

the contact metal, since Au leads to a low barrier height and it has good electrical 

conductivity. However, Au may diffuse into semiconductor. The diffusion leads to the 

formation of spikes of Au, which may penetrate the contact region. To solve the spiking 

problem, we use Pt (platinum, ϕM=5.65 eV) as a barrier to prevent spiking. In addition, Ti 

(titanium, ϕM=4.33 eV) is added to provide good adhesion to the InGaAs p-contact layer.  

The p-type contact metalization process starts from the wafer cleaning. Then, the 

lift-off resist (LOR), which is used for the liftoff process, can be deposited immediately. 

Followed by depositing a layer of photoresist. Thereby, the p-type contact metal window 

can be opened by using the corresponding mask after the photoresist exposure and 

development. Subsequently, in order to improve the ohmic contact, we need to remove 

the oxide over the surface. Then, as mentioned above, the metal sequence Ti/Pt/Au 

(30/50/300 nm) can be deposited by electron-beam evaporation. Finally, the wafer need 

to be immersed in acetone to dissolve the LOR. Thus, all the materials deposited above 

the LOR will be removed simultaneously, only leaving the patterned p-type contact metal 

on the top of the wafer. The schematic diagram of the wafer after p-type contact 

metalization is illustrated in Fig. 5.4(a). And Fig. 5.4(b) shows the corresponding 

cross-sectional view. 
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(a) 

 

(b) 

Figure 5.4  (a) Schematic diagram of the wafer after p-type contact metalization, (b) the 

cross-sectional view. 

5.3.2 P-mesa formation 

After p-contact metalization, p-mesa formation can be carried out. The p-type 

contact metal is used as the mask to define the pattern of the active region. In order to 
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avoid affecting the performance of the device and to minimize the dimension changes in 

vertical direction, reactive-ion etching (RIE) technology is used to expose the heavily 

doped n-type InP contact layer. The etching depth is about 0.5 µm. The drawback of dry 

etching process is that it may cause damage to the sidewalls of p-mesa, which results in 

the surface leakage current. Thus, after etching, we can dip the wafer in Br-methanol 

etchant for seconds to remove the damaged portion on the surface of the sidewalls. Then, 

as shown in Fig. 5.5(a), p-mesa, namely the active region is formed. Its cross-sectional 

view is also illustrated in Fig. 5.5(b). 

 

(a) 
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(b) 

Figure 5.5  (a) Schematic diagram of the wafer after p-mesa formation, (b) the cross-sectional 

view. 

5.3.3 N-type contact metalization 

As described above, in order to form good ohmic contact, we need to highly dope 

the contact layer and build a low barrier height of the semiconductor contact. The InP 

n-contact layer of our devices is highly doped to 4x1018 cm-3. For n-type contact, the 

barrier height is given by SMB   . The electron affinity of InP is 4.38 eV [32]. 

N-type contact metal can be constituted by the following metal sequence, 

Ni/Ge/Au/Ni/Au (5/17/30/20/300 nm). Ni (nickel, ϕM=5.15 eV) is used for improving 

adhesion to the InP n-contact layer. The function of Ge (germanium, χs=4.13 eV) is to 

prevent Au penetrating the contact region. The fabrication steps of n-type contact 
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metalization are similar to p-type contact metalization. The pattern of n-type contact 

metal can be defined by the corresponding mask. After n-type contact metalization, the 

schematic diagram of the wafer and the cross-sectional view can be seen from Fig. 5.6. 

 

(a) 

 

(b) 

Figure 5.6  (a) Schematic diagram of the wafer after n-type contact metalization, (b) the 

cross-sectional view. 
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5.3.4 N-mesa formation 

In order to make isolation between devices, and lower the parasitic effects such as 

the parasitic capacitance, n-mesa etching is required. Prior to etching, the surface of the 

wafer need to be coated with photoresist. Since there is about 0.5 µm height difference on 

the surface of the wafer after the p-mesa formation, we need a thick coating of photoresist. 

After photoresist exposure and development, the pattern of n-mesa region is transferred 

from the corresponding mask to the surface of the wafer. For n-mesa formation, wet 

etching is suitable to remove the excess n-contact layer and expose the semi-insulating 

substrate. After etching, the wafer need to be immersed in acetone to remove all the 

photoresist. Fig. 5.7(a) is the schematic diagram of the wafer after n-mesa formation. The 

cross-sectional view is shown in Fig. 5.7(b). 

 

(a) 
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(b) 

Figure 5.7  (a) Schematic diagram of the wafer after n-mesa formation, (b) the cross-sectional 

view. 

5.3.5 Mesa passivation and via hole opening 

In order to protect the sidewalls of the mesa and to reduce the surface leakage 

current, mesa passivation is an important step after etching. We can use Si3N4 as the 

passivation layer. One of the advantages of Si3N4 is that it is not easy to be permeated. 

Moreover, it can be uniformly deposited on the surface of the wafer. Furthermore, under 

the same dry etching condition, the etching rate of Si3N4 is much faster than that of 

photoresist. Thus, we don’t need to coat a thick photoresist layer. Thereby, after the 

photoresist development, the pattern of the contact windows can be transferred more 

accurately from the mask to the surface of Si3N4. In addition, the Si3N4 passivation layer 
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will be removed partly by dry etching to form the contact windows. Consequently, the 

distortion of the via holes in the passivation layer is small. Therefore, after the subsequent 

planarization step, even if the distortion of the via holes in the poly methyl glutarimide 

(PMGI) planarization layer is more significant, the dark current will not become larger. 

The Si3N4 deposition can be done in the plasma-enhanced chemical vapor deposition 

(PECVD) system. Since there is height difference on the surface of the wafer, we need to 

deposit a thick layer of Si3N4 to avoid rupture of Si3N4.  

After mesa passivation, both the P and n-type contact metals are covered by the 

Si3N4 passivation layer, it is necessary to open via holes in the passivation layer to 

connect these contact metals to the topmost CPW GSG contact pads. In order to prevent 

breakage between contact metals and CPW contact pads, the via holes should be large 

enough for metal deposition. After coating a layer of photoresist, the pattern of via holes 

can be transferred from the mask to the surface of passivation layer by photolithography. 

Then, we can use dry etching to expose the contact metals. Finally, the wafer is immersed 

in acetone to remove all the photoresist. The following Fig. 5.8 shows the schematic 

diagram and the corresponding cross-sectional view of the wafer after these steps. 
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(a) 

 

(b) 

Figure 5.8  (a) Schematic diagram of the wafer after passivation, (b) the cross-sectional view. 



 118 

5.3.6 Planarization and via hole opening 

After the above steps, height difference still exists on the surface of the wafer. 

Taking into account the deposition of the topmost CPW-like GSG contact pads and the 

simplification of the fabrication process, we need to create a flat surface. In this way, we 

can directly deposit the GSG contact pads on the top of the wafer, and thus the following 

lithography step will be much easier. PMGI can be employed to achieve the highly planar 

layer, because it has several advantages as follows. First of all, the dielectric constant of 

PMGI is low, and thus the parasitic capacitance is small. Moreover, the performance of 

CPW contact pads can be improved by using a substrate with low dielectric constant. In 

addition, PMGI has a characteristic of reflow. Namely, when the temperature exceeds the 

critical temperature, the solid PMGI will liquefy. Because of this feature, PMGI is 

preferable to benzocyclobutene (BCB) to form the planarization layer. In order to cover 

the surface of the wafer, where exists a height difference of a few microns, we need to 

deposit a thick planarization layer. Then, similar to the passivation layer, via holes need 

to be opened in the planarization layer to make connections between the contact metals 

and the topmost CPW GSG contact pads. If BCB is used for planarization, after the 

opening of the via holes by dry etching, the sidewalls will be too steep, almost vertical. 
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This may result in breakage in the subsequently deposited metal in the via hole. Thus, 

there may be disconnection between the contact metals and the GSG contact pads. This 

problem can be solved by using PMGI to form the planarization layer. Due to the 

characteristic of reflow, if the temperature and time are controlled appropriately, a 

smooth tapered sidewall can be formed, which facilitates the deposition of metal. 

Accordingly, the breakage between contact metals and GSG contact pads can be avoided.  

Similar to the mesa passivation step, when there is sufficient PMGI coated on the 

surface of the wafer to form a highly planar layer, the opening of via hole is required. 

Moreover, the process steps of the definition of the pattern of via holes are the same as 

those of mesa passivation. However, as mentioned above, we need to pay attention to the 

distortion problem. Since both the PMGI and photoresist belong to the polymer, under 

the same dry etching condition, the etching rate of PMGI is similar to that of photoresist. 

Thus, we need to use a thick photoresist layer as the barrier. The problem of the thick 

photoresist layer is that it may be overdeveloped, which results in the actual opening of 

the via hole is too large. Particularly, for the small devices, the size of the via hole 

opening is very important. On the one hand, in order to prevent breakage between contact 

metals and CPW contact pads, the opening should be large enough so that the metal 

deposition is facilitated. On the other hand, the opening should not be too large. It is 
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because that, if the photoresist is overdeveloped, the area of the metal cover becomes 

larger, which may lead to the connection between the electrode metals and thus causes a 

short circuit. Therefore, the dimensions of the mask, which defines the pattern of the 

contact windows, should be carefully designed. The via holes can be opened by dry 

etching, which will stop when the contact metals are exposed. The dry etching recipe, 

which does not react with the previously deposited Si3N4 passivation layer, can be 

employed. Finally, after removing all the photoresist, the wafer is baked to make PMGI 

reflow. As can be seen from Fig. 5.9(a), a plane is formed to deposit the contact pads. Fig. 

5.9(b) illustrates the cross-sectional view. 

 

(a) 



 121 

 

(b) 

Figure 5.9  (a) Schematic diagram of the wafer after planarization, (b) the cross-sectional view. 

5.3.7 Deposition of GSG contact pads  

The steps of GSG contact pads fabrication process are similar to the steps of contact 

metalization. By using electron-beam evaporation, the metal sequence Ti/Au (30/400 nm) 

can be deposited directly on top of the PMGI planarization layer. The function of Ti is to 

provide good adhesion to the PMGI surface, and Au has good electrical conductivity to 

reduce the loss. By photolithography, the pattern of the topmost GSG contact pads can be 

defined by the corresponding mask. Finally, the GSG contact pads can be formed after 

the liftoff process. The schematic diagram of the finished device and the cross-sectional 
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view are illustrated in Fig. 5.10. Moreover, for the designed UTC-PD with 16 µm2 active 

region, the suggested dimension parameters are stated in Fig. 5.11. 

 

(a) 

 

(b) 

Figure 5.10  (a) Schematic diagram of finished device, (b) the cross-sectional view. 
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Figure 5.11  Suggested device dimensions. 

5.4 Summary 

In this chapter, two types of designed back-illuminated high-speed and high-power 

UTC-PD are presented. The simulation results predict that, for PDA, a 3-dB bandwidth of 

247.2 GHz and DC saturation current of 101.6 mA can be achieved. PDB can achieve a 

3-dB bandwidth of 295.3 GHz and DC saturation current of 113.4 mA. The functions of 

graded bandgap absorption layer and the cliff layer are verified. Moreover, the design of 

fabrication process is described in detail. 
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Chapter 6  Conclusions and Future Work 

6.1 Conclusions 

The main focus of this work is to improve the bandwidth and saturation performance 

of UTC-PD, since broadband and high-output-power PDs serve as the key component for 

future high-frequency and high-power fiber-optic systems. First of all, it is verified that 

the physics-based modeling of UTC-PDs can be used to predict the device performance, 

as long as appropriate models and parameters are specified. The energy balance transport 

model is employed, which includes the non-local effects such as velocity overshoot that 

has been observed experimentally in UTC-PDs. The simulation results show good 

agreement with the reported results. Consequently, the simulation results can be directly 

used for device design.  

The bandwidth of PD is determined by the carrier transit time τtr and RC-time 

constant τRC. For UTC-PD, since the electron diffusion velocity in the absorption layer is 

much slower than the electron drift velocity in the depletion region, the carrier transit 

time τtr is mainly limited by the carrier traveling time τA in absorption layer. Therefore, in 

order to improve the bandwidth performance, a built-in electric field can be constructed 

in the absorption layer to accelerate the electrons. Using the physical modeling, it is 
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examined that, the 3-dB bandwidth can be enhanced by incorporating a linearly graded 

doping profile in the absorption layer. Then, the graded bandgap absorption layer has 

been further investigated. It is shown that a higher introduced built-in electric field in the 

front part of absorption layer leads to a better bandwidth performance. By using the 

optimized graded structure, the performance can be further improved. Moreover, the 

effects of the proposed combined graded absorption layer structure is studied. It is 

illustrated that, in the absorption layer, the combined introduced built-in electric field is 

nearly the sum of the built-in electric fields constructed by graded doping structure and 

graded bandgap structure. For PD80, the simulation result shows an improvement of 

39.4% in bandwidth. 

The space-charge effect is the dominant saturation mechanism at the bias voltage 

considered in this work (-2V). Using the physical modeling, we analysed the 

space-charge effect. It is shown that, at high light intensity, electrons are accumulated in 

the absorption layer, and the electric field drops in the space layer, cliff layer, and also 

the input end of collection layer, which lead to saturation. We also examined that, the 

space-charge effect can be reduced by using the technique of charge compensation. The 

investigation of charge compensation by using uniform doping in the collector indicates 

that, higher collector doping level leads to better saturation performance. However, in 
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order to ensure the collection layer is completely depleted at normal device operation bias 

voltage, the collector doping level cannot be too high. Then, we investigated the effects 

of the proposed linearly doped collection layer, which can effectively compensate for the 

space charge. It is shown that, the distribution of electric field is improved. The electric 

field in the space layer, cliff layer and the collector input end is enhanced, which leads to 

the better saturation performance. In addition, by comparing the distribution of electric 

field of different linear doping cases, we found that, the saturation performance is not 

only limited by the minimum electric field in the collection layer at high optical injection 

level, but also is influenced by the electric field gradient. Accordingly, an optimized 

Gaussian doping profile in the collection layer is proposed. For PD80, improvements of 

18.7% and 25.8% in saturation current can be achieved by using optimized linear doping 

profile and Gaussian doping profile respectively. 

Additionally, the epitaxial layers of PDA and PDB were grown. For PDA, the 

predicted bandwidth and saturation performance are 247.2 GHz and 101.6 mA, 

respectively. For PDB, the predicted bandwidth and saturation performance are 295.3 

GHz and 113.4 mA, respectively. The benefit of the proposed graded bandgap absorption 

layer is further verified. The saturation current is enhanced due to the inserted cliff layer. 

Moreover, the major fabrication process includes p-type contact metalization, p-mesa 
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formation, n-type contact metalization, n-mesa formation, passivation, planarization and 

deposition of GSG contact pads.  

6.2 Future work 

Our future work is to complete the post process of the designed UTC-PDs. Then, the 

measurements aim at various figures of merit, such as bandwidth, output power and 

responsivity, will be carried out. Thereby, the effects of the proposed graded bandgap 

absorption layer can be further verified. Moreover, the packaging techniques, such as 

flip-chip bonding technology which can improve the thermal management capability, will 

be investigated. Furthermore, the CPW-like interconnection structure will be investigated 

and designed. Because, at such high operating frequency, the interconnection line may 

cause great loss. 
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