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Abstract 
 

 

 

A comprehensive study on lateral-type spin-photodiodes based on 

metal-insulator-semiconductor junctions operating at room temperature is presented. The 

performance of a simple cleaved-edge Fe/AlOx/p-GaAs Schottky junction spin-photodiode 

has been investigated. In addition to conventional sidewall illumination experiments, 

oblique angle surface illumination measurements were also carried out. Experimental 

results show a spin collection efficiency F of 0.14% for sidewall illumination, and an 

improved F of 1.3% for oblique angle surface illumination. A simulation model based on 

the optical selection rules, carrier and spin drift-diffusion, and spin dependent tunneling 

has also been developed. Simulation results show a good match with experiment data for 

oblique angle illumination. A further comparison of experiment and simulation results 

suggests that the low F for side illumination has been caused either by the damage to the 

AlOx tunnel barrier at the cleaved edge or by magnetic edge curling. Furthermore, a novel 

Fe/AlOx/p-InGaAs spin-photodiode design with a refracting facet has also been presented. 

An experimental F of 0.4% has been achieved for the fabricated refracting-facet 

spin-photodiodes. This value is the highest so far for purely lateral spin-photodiodes. In 

addition to experiments, a simulation model for the refracting-fact spin-photodiode 

involving the optical selection rules, carrier and spin collection probability, and 

spin-dependent tunneling, has also been developed. Simulation results show that a 

potential F up to 19% is achievable for the proposed spin-photodiode design. A comparison 

of the simulation and experimental results suggests that the quality of the Fe electrode is 

poor, and that an improvement of the electrode quality will lead to a significantly 

enhancement in the F. With these results, a significantly improved understanding of the 

physics of lateral spin-photodiodes, as well as a practical demonstration of a lateral 

spin-photodiode, has been achieved. 

 

  



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

4 

 

Table of Contents 

Title ..................................................................................................................................... 1 

Abstract ............................................................................................................................... 3 

List of Figures .......................................................................................................................... 6 

1. Introduction ......................................................................................................................... 9 

1.1 Background ................................................................................................................... 9 

1.2 Semiconductor spintronics .......................................................................................... 11 

1.3 Spin-optoelectronics ................................................................................................... 13 

1.4 Spin-photodiodes......................................................................................................... 15 

1.5 Scope and organization of this dissertation .............................................................. 17 

References .............................................................................................................................. 18 

2. Physics of spin-photodiodes .............................................................................................. 22 

2.1 Device characteristics of spin-photodiodes ............................................................... 22 

2.2 Basic semiconductor physics ...................................................................................... 24 

2.3 Semiconductor physics in Schottky photodiodes ...................................................... 27 

2.4 Transport of carriers in a semiconductor .................................................................. 29 

2.5 Spin dynamics in a semiconductor ............................................................................ 30 

2.6 Optical spin injection into semiconductors ............................................................... 32 

2.7 Electrical spin injection into semiconductors ........................................................... 33 

2.8 Electrical spin detection from semiconductors ......................................................... 38 

References .............................................................................................................................. 41 

3. Experimental techniques .................................................................................................. 45 

3.1 Molecular beam epitaxy ............................................................................................. 45 

3.2 Device fabrication ....................................................................................................... 46 

3.3 Helicity-resolved photocurrent measurement .......................................................... 48 

3.4 Lock-in Technique ....................................................................................................... 50 

References .............................................................................................................................. 52 

4. Simulation of spin-photodiodes ........................................................................................ 53 

4.1 General approach in simulation of spin-photodiodes............................................... 53 

4.2 Photogeneration of spin-polarized carriers ............................................................... 55 

4.3 Transport of charge and spins ................................................................................... 57 

4.4 Spin dependent tunneling .......................................................................................... 68 

References .............................................................................................................................. 69 

5. Investigation of a cleaved-edge spin-photodiode with oblique angle surface illumination

 ................................................................................................................................................ 72 

5.1 Introduction ................................................................................................................ 72 

5.2 Methodology ................................................................................................................ 73 

5.3 Results and discussions.............................................................................................. 77 



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

5 

 

5.4 Conclusions ................................................................................................................. 84 

References .............................................................................................................................. 84 

6. Refracting-facet spin-photodiode ...................................................................................... 86 

6.1 Introduction ................................................................................................................ 86 

6.2 Methodology ................................................................................................................ 87 

6.3 Results and discussions.............................................................................................. 93 

6.4 Conclusions ............................................................................................................... 101 

References ............................................................................................................................ 101 

7. Conclusions ...................................................................................................................... 103 

Acknowledgements ......................................................................................................... 105 

List of publications and presentations ............................................................................. 106 

Curriculum Vitae ............................................................................................................. 107 

 

  



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

6 

 

List of Figures 

Figure 1.1 Schematic diagrams of an MTJ in the (a) parallel state and (b) anti-parallel state.

 ............................................................................................................................................. 10 

Figure 1.2 Schematic diagrams of various methods of introducing spins into 

semiconductors: (a) dilute magnetic semiconductor, (b) electrical spin injection, and (c) 

optical spin injection. .......................................................................................................... 12 

Figure 1.3 Schematic diagrams of the process of producing CPL from (a) a conventional 

LED and (b) a spin-LED. .................................................................................................... 14 

Figure 1.4 Schematic diagrams of the CPL-resolved photocurrent measurement using (a) a 

conventional PD and (b) a spin-PD. .................................................................................... 15 

Figure 1.5 Schematic diagrams of (a) a vertical spin-PD and (b) a lateral spin-PD. ......... 17 

Figure 2.1 Energy band diagram of (a) an undoped or intrinsic semiconductor, (b) a n-type 

semiconductor, and (c) a p-type semiconductor. ................................................................. 25 

Figure 2.2 Schematic diagrams of (a) optical pumping and (b) electrical pumping. ......... 26 

Figure 2.3 Energy band diagrams of (a) p-type and (b) n-type Schottky diodes................ 27 

Figure 2.4 Working principle of p-type Schottky photodiode. ........................................... 28 

Figure 2.5 Energy band diagram of an intrinsic semiconductor with spin-polarized carriers.

 ............................................................................................................................................. 31 

Figure 2.6 Spin optical selection rules for zincblende and diamond structure 

semiconductors. ................................................................................................................... 32 

Figure 2.7 (a) Schematic of a FM-SC junction. (b) Voltage profile for the junction 

assuming the bulk FM polarization is fully injected across. (c) Voltage profile for the 

junction assuming the spin splitting voltage is continuous across the junction. ................. 33 

Figure 2.8 Schematic diagrams of densities of states for the two spin bands in the case of 



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

7 

 

(a) a FM and (b) a SC. ......................................................................................................... 34 

Figure 2.9 Voltage profiles for (a) a DMS-SC junction and (b) a FM-TB-SC junction. .... 37 

Figure 2.10 Schematic diagram of the density of states at the tunnel contact in a spin-PD.

 ............................................................................................................................................. 40 

Figure 2.11 Power curve of a spin-PD plotted along the load line of the tunnel contact. The 

photocurrent is the intersection of the power curve and load line. ...................................... 40 

Figure 3.1 Schematic diagram of an MBE chamber during crystal growth. ...................... 46 

Figure 3.2 Schematic diagram of the device fabrication process for the spin-PD in Chapter 

6. .......................................................................................................................................... 47 

Figure 3.3 Schematic diagram of the helicity-resolved photocurrent measurement setup. 48 

Figure 4.1 Diagram of a spin photodiode and a summary of proposed models. (a) A simple 

model using photogeneration and transport distance, but assumes an ideal contact. (b) An 

elaborate theoretical model that simultaneously solves the spin-polarized carrier transport 

and the tunneling effect. (c) A drift-diffusion model that only considers the transport inside 

the semiconductor (device contacts were not considered). (d) The proposed model in this 

work: a modular model that combines transport in the semiconductor and tunneling. ....... 54 

Figure 4.2 Schematic diagrams of (a) a vertical-type GaAs spin-PD and (b) a cleaved-edge 

lateral-type GaAs spin-PD. .................................................................................................. 58 

Figure 4.3 Profiles of (a) ∆𝑛 and (b) ∆𝑠 as functions of z. Inset of (b): rescaled (zoomed 

in) plot of ∆𝑠. Parameters used are 𝛷0 = 3.4×10
19

 cm
2

s
1

, 𝐴 = 1.26×10
-3

 cm
2
, 𝐷 = 62 

cm
2
/s, 𝛼 = 10

4
 cm

1
,
20

 𝑇 = 0.1,
21

 𝐸 = 2.1×10
5
 V/cm, 𝜇 = 2400 cm

2
V
1

s
1

,
26

 𝜏𝑟𝑒𝑐 = 

7.15×10
8

 s,
25

 𝜏𝑠 = 2.33×10
10

 s.
27

 .................................................................................... 60 

Figure 4.4 Profiles of (a) ∆𝑛 and (b) ∆𝑠 as functions of x and z. Parameters used are 𝛷0 

= 3.4×10
19

 cm
2

s
1

, 𝐴 = 1.26×10
-3

 cm
2
, 𝐷 = 62 cm

2
/s, 𝛼 = 10

4
 cm

1
,
20

 𝑇 = 0.1,
21

 𝐸 = 

2.1×10
5
 V/cm, 𝜇 = 2400 cm

2
V
1

s
1

,
26

 𝜏𝑟𝑒𝑐 = 7.15×10
8

 s,
25

 𝜏𝑠 = 2.33×10
10

 s,
27

 and 𝑆 

= 7.7×10
7 

cm/s.
29

 ................................................................................................................. 68 

Figure 5.1 (a) Schematic cross section of the sample structure: from the top, 10-nm Au, 

5-nm Ti, 50-nm Fe, 1-nm AlOx, 100-nm Be-doped GaAs epilayer, and a p-GaAs:Zn (001) 

substrate. (b) Schematic of the helicity-resolved photocurrent measurement setup. Linearly 

polarized light from a 20mW laser was converted to CPL using LP and a QWP. The CPL 

beam was focused on the sample using a lens with the focal length f = 50 cm. (c) 

Calculated transmittance of the two orthogonal linear polarizations as functions of the 

incidence angle . Inset: Schematic of refraction through the top metal layers for 

oblique-angle illumination with GaAs, the angle of a light beam inside the GaAs. ............ 73 

Figure 5.2 Schematic diagram of the simulation geometry for (a) sidewall illumination and 

(b) oblique angle illumination. ............................................................................................ 76 

Figure 5.3 Profile of the photogenerated charges ∆𝑛 and spins ∆𝑠 in the z-x plane for 

sidewall illumination. Arrows indicate the flow of charges and spins inferred from the 

gradient of the profile: the diffusion current 𝐽𝑒, 𝑑𝑖𝑓𝑓, the surface recombination current 

𝐽𝑒, 𝑠𝑢𝑟𝑓, the photocurrent 𝐽𝑒, 𝑝ℎ, and the spin photocurrent 𝐽𝑒, 𝑠 ................................ 77 

Figure 5.4 Profile of the photogenerated spins ∆s along the z-direction for oblique angle 

illumination. Inset: Corresponding profile of the photogenerated charges ∆n. Arrows 

indicate the flow of charges and spins inferred from the gradient of the profile: the 

photocurrent 𝐽𝑒, 𝑝ℎ, and the spin photocurrent 𝐽𝑒, 𝑠....................................................... 78 



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

8 

 

Figure 5.5 (a) Profiles of photocurrent as a function of time for two opposite applied fields 

H =  1.35 kOe for sidewall illumination. (b) F as a function of applied field for sidewall 

illumination plotted with magnetization hysteresis loop. (c) Profiles of photocurrent as a 

function of time for two opposite remanent magnetization direction +Rem and -Rem for 

oblique angle illumination. (d) F as a function of applied field for sidewall illumination 

plotted with magnetization hysteresis loop. No applied voltage was applied for all 

measurements. ..................................................................................................................... 79 

Figure 5.6 F as a function of applied field for oblique angle illumination plotted with 

magnetization hysteresis loop for (a) V = 1 [V] and (b) V = +1 [V]. ............................... 80 

Figure 5.7 (a) Measured F vs applied field H for different incidence angles. (b) Simulated 

values for the photocurrent 𝐼𝑝ℎ, helicity-dependent photocurrent ∆𝐼, and F as functions of 

the surface recombination velocity S and the surface recombination time 𝑇𝑠𝑢𝑟𝑓 =  𝛿/𝑆. 81 

Figure 5.8 (a) Experimental photocurrent 𝐼𝑝ℎ  (blue diamonds), helicity-dependent 

photocurrent ∆𝐼 (red squares), and F (green triangles), simulated photocurrent 𝐼𝑝ℎ (blue 

lines), helicity-dependent photocurrent ∆𝐼  (red lines), and F (green lines) plotted as 

functions of the beam position. Dashed and solid lines correspond to calculations with and 

without contribution from light hitting the sidewall, respectively. (b) A schematic diagram 

of the beam scan in the spin-PD. ......................................................................................... 82 

Figure 6.1 (a) Schematic of the refracting-facet spin-PD. (b) A cross-sectional SEM image 

of the fabricated refracting facet. (c) A bird’s-eye-view SEM image of the fabricated 

refracting-facet spin-PD. ..................................................................................................... 87 

Figure 6.2 (a) Schematic of the helicity-resolved photocurrent measurement setup. (b) 

Image of an actual spin-PD chip mounted on a sample holder. (c) A bird’s-eye-view SEM 

image of the fabricated refracting-facet spin-PD. ............................................................... 88 

Figure 6.3 (a) Calculated photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 as functions of the 

active layer thickness d. (b) Calculated F as a function of d. .............................................. 93 

Figure 6.4 Calculated spin-photocurrent 𝐼𝑠 (a) and F (b) for 𝜃𝑓𝑎𝑐𝑒𝑡: 65° (blue), 75° 

(red), and 85° (green) as functions of the active layer thickness d. .................................... 94 

Figure 6.5 (a) Temporal plot of the measured photocurrent 𝐼𝑝ℎ from a spin-PD with d = 

0.4 μm for two remanent magnetization states. (b) Plot of 𝐼𝑝ℎ and F as functions of the 

wavelength of the incident beam. ........................................................................................ 95 

Figure 6.6 (a) Plot of 𝐼𝑝ℎ and ∆𝐼 as functions of the applied bias voltage for the spin-PD 

with d = 0.4 μm. (b) Plot of F as a function of bias. (c) Plot of the estimated EQE and f as 

functions of bias. ................................................................................................................. 97 

Figure 6.7 (a) Temporal plot of the measured photocurrent 𝐼𝑝ℎ from a spin-PD with d = 

0.04 μm for two remanent magnetization states. Profiles were vertically separated for 

visibility. (b) Plot of 𝐼𝑝ℎ and ∆𝐼 as functions of the applied bias voltage. (c) Plot of F as 

a function of bias. (d) Plot of the estimated EQE and f as functions of bias. ...................... 98 

 

  



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

9 

 

1. Introduction       

1.1 Background  

Spintronics is an emerging field that aims to circumvent the limitations of conventional 

electronics by utilizing the spin degree of freedom. Through the years, there have been 

several proposed spintronic devices. Some of these are analogs of their conventional charge 

(electron) based counterparts. To name a few, examples include: the spin-transistor,
1
 

spin-Esaki diode,
2
 spin-light-emitting diode (spin-LED),

3,4
 and spin-photodiode (spin-PD).

5
 

As their names suggest, these devices are modified versions of their conventional 

semiconductor device counterparts. By exploiting the spin degree of freedom (also referred 

to as the spin property of electrons), additional functionalities can be achieved. In the case of 

the spin-LED for example, circularly polarized emission can be realized without the need for 

external optical components. These devices will be discussed in more detail in the 

proceeding sections. 

There are other novel spintronic devices that have no conventional device counterparts. 

One of the best examples is the magnetic tunnel junction (MTJ).
6-8

 In essence, these are 

junctions formed by inserting a thin insulating layer between two ferromagnetic metal layers, 

thereby creating a ferromagnet-insulator-ferromagnet (FM-I-FM) junction. It was shown by 

Julliere
6
 that, in the first order, the tunneling probability, and hence the conductance across 

the junction, depends on the relative orientation of the magnetizations of the two 

ferromagnetic layers. In particular, the conductance is maximum when the magnetizations of 
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the two ferromagnetic layers are aligned parallel to each other, and lowest when aligned 

anti-parallel to each other (as shown in Fig. 1.1). This effect is known as tunnel 

magnetoresistance (TMR). Due to their wide adoption as magnetic field sensors (also called 

read sensors) in hard disk drives (HDDs), the MTJ is one of the most commercially 

successful spintronic devices.
9
  

 

Figure 1.1 Schematic diagrams of an MTJ in the (a) parallel state and (b) anti-parallel 

state. 

The TMR effect is just one kind of magnetoresistance phenomena. Others examples 

include: anisotropic magnetoresistance (AMR) and giant magnetoresistance (GMR). Both of 

which have also been applied commercially as read sensors to HDDs.
9
 TMR and GMR are 

sometimes also referred to as spin valve effects.
10

  

A related spintronic device that has found some degree of commercial success is the 

magnetoresistive random access memory (MRAM). This is a hybrid device, in which an 

MTJ is combined with conventional silicon transistors.
11-14

 Whereas conventional 

random-access memory (RAM) cells use the gate charge in silicon transistors (or in the case 

of dynamic RAMs, charge in capacitors), which require a constant power supply to keep data, 

MRAM cells rely on the remanent magnetization property of MTJs to store data, hence 

require no power to maintain data. This feature makes the MRAM a non-volatile type of 

memory. 

There are many more novel spintronic devices, such as magnonic devices
15,16

 and 

spin-photonic devices.
17-21

 Magnons are spin waves which can be generated, guided, 

manipulated, and detected. Many logic circuit implementations using magnons have already 

been proposed.
16

 Proponents of magnonics argue that magnon circuit implementations tend 

to be much simpler than their conventional electronic counterparts. Furthermore, magnon 

transport does not involve the flow of charge carriers. Therefore, energy loss due to Joule 

(resistive) heating is minimized. However, commercial adoption and practical 

implementations of magnon devices have yet to be demonstrated. Spin-photonic devices, on 
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the other hand, aim to control and utilize the photon helicity (spin angular momentum). One 

proposed implementation of such a device involves the use of metamaterials.
17

 

Metamaterials are nanostructures engineered to interact with electromagnetic waves so as to 

achieve a desired response. Using such materials the photon spins can be manipulated. Other 

examples of materials that can be used to manipulate the photon spin are semiconductors 

doped with magnetic impurities
19,20

 and quantum dots (QD).
21

  

From this brief overview, it can be seen that spintronics, as a field, has a very wide range 

of potential application. The common feature among spintronic devices is that they possess 

functionalities that are very difficult (or sometimes impossible) to achieve through 

conventional electronics. From here on, the discussion will be focused on semiconductor 

spintronics. In particular a detailed discussion about spin-optoelectronics will be presented 

in proceeding sections. 

 

1.2 Semiconductor spintronics  

In this section, the discussion will be limited to classical semiconductor spintronics. 

There is actually a whole separate emerging field called quantum spintronics that deals with: 

spin coherence, entanglement, and manipulation of quantum states; and have applications in 

quantum computing and quantum cryptography; which is different from the topic of the 

present work.
23

 

In contrast with the relatively wide commercial adoption of MTJ devices (also referred to 

as metallic spintronic devices),
23

 semiconductor based spintronic devices have yet to be 

commercially realized. There are two main reasons for this. Firstly, conventional 

semiconductors are inherently not spin-polarized. At equilibrium, the number of spin-up and 

spin-down carriers in a conventional semiconductor are equal. In order to introduce 

spin-polarization into the semiconductor, we would need to somehow generate a non-equal 

amount of spin-up and spin-down carriers. Naturally, any spin-polarization that is introduced 

would automatically put the semiconductor into a non-equilibrium state. Hence, the system 

will try to restore equilibrium via a process called spin-relaxation,
24

 in which the majority 

spins are converted (reoriented) into minority spin until spin-up and spin-down numbers 

become equal again. Typically, this process takes place in a very fast pace. In GaAs for 

example, the spin relaxation time is in the order of 1 ns at room temperature.
25

 With spins 

depolarizing at such a fast rate, it is difficult to produce a significant amount of 

spin-polarization in conventional semiconductors.  

Secondly, the process of introducing spin-polarization into the semiconductor efficiently 
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is a problem of its own, and there is currently no consensus on the best approach. One 

approach is to introduce magnetic impurities into the conventional semiconductor.
26,27

 These 

materials are sometime referred to as dilute magnetic semiconductors (DMS). The main 

motivation is that, as opposed to a conventional semiconductor, a ferromagnetic 

semiconductor has a spontaneous spin-polarization at equilibrium. Perhaps the most famous 

example of these is GaMnAs.
28

 Ferromagnetic GaMnAs has been achieved, but only at low 

temperature (with Curie temp typically below 110 K). Of course, there are other materials 

presently being investigated. In particular, wide bandgap magnetic semiconductors can 

potentially exhibit room temperature ferromagnetism.
29

 There are also other unresolved 

issues in DMS materials. One weak point of DMS is that, due to their high doping levels, 

their carrier transport and optical properties are inferior to those of their conventional 

counterparts.
23 

If we were to make a purely DMS-based LED, for example, it would suffer 

from very poor quantum efficiency.
  

 

 

Figure 1.2 Schematic diagrams of various methods of introducing spins into 

semiconductors: (a) dilute magnetic semiconductor, (b) electrical spin injection, and 

(c) optical spin injection. 

Perhaps a better approach in introducing spin-polarization to semiconductors is using a 

hybrid structure. That is, the active part of the device would be made from conventional 

semiconductors, while a spin-injector somewhere else would be the source of spin. This 

method is referred to as electrical spin injection. Ferromagnetic metals (FM), such as Fe that 

have an equilibrium spin-polarization, can be used as the spin-injector.
30-32

 In addition, DMS 

materials can also be used as spin-injector.
33

 In the case of a FM spin-injector, there is 

another issue that needs to be address in order to achieve effective spin injection.
34

 This 

would be discussed in detail in Ch. 2. In device level studies, electrical spin injection is one 

of the most popular approaches. 
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Yet another approach in introducing spin-polarization is using the spin angular 

momentum light. When circularly polarized light is incident in a zinc-blende or diamond 

structure semiconductor, the photogenerated electrons in the conduction band of the 

semiconductor is spin-polarized (spin-polarized holes in the valence band are also generated 

but they tend to rapidly depolarize).
35,36

 This method of introducing spin polarization can be 

accomplished without using a spin-injector material, and hence, is compatible with most 

conventional semiconductor processes. The main disadvantage of this approach is that it 

only works effectively for direct bandgap materials such as GaAs and Ge, but not Si. This 

optical spin orientation (optical spin injection) approach has become popular recently,
37

 due 

to its compatibility with vertical external-cavity surface-emitting lasers (VECSELs). 

Furthermore, optical spin injection is one of the foundations of spin-PD operation. In this 

case, optical spin injection is not used simply to introduce spins into the semiconductor, but 

rather, in order to convert the CPL information of the light into spin polarization. The spin 

polarization in turn can then be converted into current through a process called electrical 

spin detection (which is the other foundation of spin-PD operation). 

Overall, bulk of the effort in semiconductor spintronics has been on generation of spin in 

conventional semiconductors (i.e. spin injection),
38,39

 and this still continues to be as one of 

the biggest bottlenecks in the development of spintronics in semiconductor devices.
 
In 

contrast, the various advantages and new applications of spin-polarized semiconductor 

devices (should they be realized) have already been explored relatively well.
40,41

  

 

1.3 Spin-optoelectronics  

Having briefly discussed spins in semiconductors, we now move on to 

spin-optoelectronics. Optoelectronics is usually considered to be a subfield of photonics. In 

conventional optoelectronics, charge (electrical) signals are converted into light (optical 

fields) or vice versa.
42

 This is accomplished by utilizing the effect of optical fields to the 

electronic properties of semiconductors. Examples of conventional optoelectronic devices 

include: semiconductor devices that convert current to light, e.g. laser diodes (LD) and 

light-emitting diodes (LED), and semiconductor devices that convert light to current or 

voltage, e.g. photodiodes (PD) and phototransistors (PT).  

Let us first consider the conventional LED. A conventional LED converts charge current 

into light via the spontaneous emission process. This process produces output light that is 

unpolarized (or randomly polarized). For some applications, the polarization state of the 

output light is of no consequence, but for other applications, specific polarization states such 
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as circularly polarized light (CPL) may be required. These include, for example, CPL based 

imaging.
43

 If we wanted to convert light from a conventional LED into CPL, we would need 

at least two other optical components [i.e. a linear polarizer (LP) and a quarter-wave plate 

(QWP)] and these two external components would form bulk of the setup [as shown in Fig. 

1.3 (a)]. Furthermore, it would be difficult to miniaturize setup. This is where 

spin-optoelectronics come in. 

 

Figure 1.3 Schematic diagrams of the process of producing CPL from (a) a 

conventional LED and (b) a spin-LED. 

One proposed monolithic CPL source is the spin-LED (a spin-optoelectronic device). 

Output light from a spin-LED is already circularly polarized (or more accurately, elliptically 

polarized,
39

 since presently, 100% CPL output has yet to be demonstrated). This allows the 

spin-LED to be a compact CPL emitter [as shown in Fig. 1.3 (b)], which can easily be 

miniaturized. Of course there are other candidate monolithic CPL emitters, such as chiral 

nanostructures,
44

 polymer semiconductors,
45

 spiral plasmonics,
46

 spiral cavity lasers,
47

 and 

valley polarization of monolayer materials.
48

 The main advantage of spin-LEDs compared to 

these competing technologies is that, the spin-LED is mostly compatible with the 

conventional semiconductor processes. Whereas competing technologies involve 

complicated nanostructures or new materials that would complicate the device fabrication 

process, a spin-LED involves a conventional semiconductor active region that has a 

relatively mature fabrication process. Another advantage of the spin-LED is the tunability of 

the helicity of the output CPL. Helicity tuning is accomplished by simply changing the 

magnetization orientation of the spin injector in the spin-LED. This cannot be accomplished 

with chiral nanostructures, polymer semiconductors, plasmonics, and spiral cavities. The 

main disadvantage of spin-LEDs is the rather complicated fabrication of the spin-injector. 

The spin-injector is typically composed of a thin (preferably crystalline) insulating layer and 

a ferromagnetic metal (preferably of similarly crystalline quality). Each of these need to 

deposited or grown via different methods. In this simple example, we have shown some of 
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the advantages and disadvantages of a spin-optoelectronic device, the spin-LED. 

 

1.4 Spin-photodiodes   

We have finally arrived at the topic of the present work: spin-photodiodes (spin-PD). In 

order to understand what a spin-PD can do, let us first consider a conventional photodiode 

(PD). The purpose of a conventional PD is essentially the inverse of the LED: to convert 

light (optical field) into current. Photocurrent is the resulting current when light is incident 

into a PD, which is a result of the optical absorption process in semiconductors. For a given 

active area, the photocurrent is a function of the intensity of the incident light, regardless of 

the polarization state of the incident light (note here that some PDs do have indirect linear 

polarization dependencies due to, for instance, an aperture transmittance that depend on the 

linear polarization direction, but there is almost always no CPL helicity dependence). 

Incidentally, there are applications where we want to measure not just the intensity of the 

light, but also the helicity and degree of circular polarization (CPL polarimetry).
43

 Since a 

conventional PD cannot resolve the degree of circular polarization, CPL polarimetry is 

typically accomplished by using at least two additional external components (i.e. a linear 

polarizer and a quarter-wave plate), and again these components tend to make the bulk of the 

size polarimeter system [as shown in Fig. 1.4 (a)]. In addition, in order to perform a full 

measurement, the QWP has to be rotated in order to resolve the CPL components. This 

mechanical motion is slow. 

 

 

Figure 1.4 Schematic diagrams of the CPL-resolved photocurrent measurement using 

(a) a conventional PD and (b) a spin-PD. 

A spin-optoelectronic device that can potentially simultaneously measure the intensity 

and degree of circular polarization of light is the spin-PD. In contrast to that of a 

conventional LED, the photocurrent in a spin-LED depends on both the intensity and the 

degree of circular polarization of the incident light.
49

 This allows the spin-PD to be used as a 
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monolithic CPL polarimeter [as shown in Fig. 1.4 (b)]. Of course, there are also competing 

technologies and candidate devices for monolithic CPL detectors. These include chiral 

metamaterials,
50

 chiral organic transistors,
51

 and inverse spin Hall effect (ISHE) based 

sensors.
52

 Analogous to the spin-LED, whereas these competing technologies involve either 

complicated structures or new materials, the fabrication process of spin-PDs is relatively 

mature. In addition, the quantum efficiencies of chiral organic semiconductors and ISHE 

sensors tend to be low (in the order of 0.1%). Metamaterials have a higher efficiencies by 

require nanofabrication. Another key advantage of the spin-PD is the ability to change the 

orientation of the magnetization of the spin detection contact. This allows for another degree 

of freedom in the measurement, so that modulation techniques such as lock-in amplification 

are possible. These are not possible with other competing technologies. The main weak point 

of spin-PDs is their ability to convert helicity information into a change in current tend to be 

low (the current highest is about 5%). 

Typically, a spin-PD is composed of two parts: a conventional semiconductor PD, which 

serves as the light detector, and a spin detection contact, which would convert the 

photogenerated spins into a measurable change in the photocurrent. This hybrid structure 

was greatly inspired by spin-LEDs, where a similar approach has been used. Since 

semiconductor PDs are relatively well established, bulk of the research effort is being 

exerted into developing an efficient spin detection contact. A typical spin detection contact is 

a tunnel contact composed of a ferromagnetic metal and a tunnel barrier. The detailed 

physics of the spin detection process will be discussed in more detail in Ch. 2. 

Moreover, spin-PDs generally come in two geometries or configurations: vertical and 

lateral (as shown Fig. 1.5). By far the more common type is the vertical or 

surface-illuminated type.
5,49,53-55

 In a vertical-type spin-PD, light is incident into the top 

surface of the device, usually through the top ferromagnetic contact. In this configuration, 

the spin detection contact has to be magnetized along the out-of-plane direction. This is 

accomplished by either using a ferromagnet that exhibit perpendicular magnetic anisotropy 

(PMA) or by applying a large out-of-plane magnetic field. The former restricts the choice of 

materials, while the latter is difficult and impractical for a monolithic device. In addition, 

because the light is transmitted through the top metal, light suffers severe losses due to the 

absorption in the metal contact, which lowers the quantum efficiency of the spin-PD, and a 

magneto-circular dichroism (MCD) component is introduced to the photocurrent. In 

particular, the MCD signal can mask the actual spin signal unless appropriately accounted 

for.
56

 On the other hand, there are also several advantages of the vertical geometry, such as 
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large active area, relatively simple fabrication, and inherently high collection efficiency of 

photogenerated spins. Their geometry is also ideal for fiber-optic coupling and optical 

interconnects. These advantages are the main reason why most of the studies up to now have 

been focused on the vertical spin-PD.
5,49,53-55

  

 

 

Figure 1.5 Schematic diagrams of (a) a vertical spin-PD and (b) a lateral spin-PD. 

Compared to the vertical spin-PD, the lateral or side-illuminated spin-PD is far less 

common. In fact, in my knowledge, there are only a few reports on lateral spin-PD.
57,58,59

 

The main reason for this scarcity is the difficulty of measuring the spin signal and the 

inherently lower spin collection efficiency in the lateral geometry. Of course, there are also 

several advantages of the lateral spin-PD. These include: the PMA requirement for the 

ferromagnetic contact is relaxed; there is no MCD component in the photocurrent; and the 

lateral geometry is better suited for intra-chip device-to-device communication. In particular, 

the last point is important for monolithic optoelectronic integrated circuit applications. In 

addition, because the light does not pass through the top metal, a higher quantum efficiency 

is expected. In spite of these advantages, the development of lateral spin-PDs has been rather 

slow (in part because of the discouraging difficulty of getting experimental results). More 

detailed discussion about lateral spin-PDs will be presented in the proceeding chapter. 

 

1.5 Scope and organization of this dissertation  

This dissertation presents a comprehensive study on lateral-type spin-PD based on 

ferromagnet-insulator-semiconductor junctions. Theoretical calculations as well as 

experimental results will be presented. The purpose of the study is to analyze and improve 

the performance of lateral spin-PDs. In particular, the goals of the study are as follows: first, 
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to experimentally investigate the origin of the low F in lateral spin-PDs; second, to develop a 

simulation model for lateral spin-PDs; and third, to improve the design of lateral spin-PDs 

with the following in mind: room temperature operation, no external magnetic field 

operation, improved quantum efficiency, and improved F. 

In chapter 1, a general background of spintronics, as well as the place where spin-PDs fit 

in the overall picture, has been discussed. In particular, a literature survey of previous reports 

on spin-PDs, as well as competing technologies, has been presented. 

In chapter 2, a two-pronged discussion about the empirical characteristics of a spin-PD 

and the theoretical aspects of a spin-PD will be discussed. In particular, at the device level, 

the key characteristics of spin-PD like the helicity-dependent photocurrent, photocurrent 

asymmetry, and the figure of merit will be presented. In the theoretical side, discussions on a 

brief background of relevant semiconductor physics, spin dynamics in semiconductors, spin 

transport physics, and various methods of spin injection and detection will be presented. 

In chapter 3, the basic experimental techniques used in the study will be discussed. 

Crystal growth using molecular beam epitaxy, which was used to make the wafers in this 

study, will be introduced. The device fabrication process of the refracting-facet spin-PDs, 

including an important wet etching step, will also be discussed. Finally, a general description 

of the helicity-resolved photocurrent measurement technique used to characterize the 

fabricated spin-PDs will be presented. 

In chapter 4, a detailed discussion about the method of simulating spin-PDs will be 

presented. The step-by-step process in modelling spin-PDs, starting with optical spin 

injection, through spin transport, and finally spin dependent tunneling, will be discussed. 

In chapter 5, a study of a simple cleaved edge lateral spin-PD will be presented. Here, in 

addition with conventional edge illumination measurement results, results from oblique 

angle surface illumination measurements will also be presented. On top of experimental 

results, model calculation results will also be presented.  

In chapter 6, a study of a novel lateral spin-PD structure, a refracting-facet spin-PD, will 

be presented. Results from both model calculations and experimental measurements will be 

presented. 

In chapter 7, overall conclusions, as well as future prospects, will be presented. The 

overall success of the study in meeting its goals will also be discussed. 
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2. Physics of spin-photodiodes   

2.1 Device characteristics of spin-photodiodes  

Without initially going through the microscopic physics in a spin-PD, let us first try to 

discuss the macroscopic device characteristics of a spin-PD. The theoretical framework of 

spin-PDs will be discussed in the proceeding sections. Here we will take a 

phenomenological approach. The defining characteristic of a spin-PD is that its photocurrent 

𝐼𝑝ℎ depends not only to the power of the incident light but also to the helicity or circular 

polarization of the incident light. Whereas for a conventional photodiode, the photocurrent 

𝐼𝑝ℎ  is only dependent on the power of the incident light (i.e. 𝐼𝑝ℎ = 𝑅𝑝ℎ ∙ 𝑃0 , the 

photocurrent 𝐼𝑝ℎ is directly related to the incident power through the responsivity 𝑅𝑝ℎ); for 

a spin-PD, the photocurrent 𝐼𝑝ℎ = 𝐼𝑝ℎ(𝑃𝑐) where 𝑃𝑐 is the degree of circular polarization. 

The degree of circular polarization of light 𝑃𝑐 is usually defined as
1,2

  

𝑃𝑐 =
𝑃+−𝑃−

𝑃++𝑃−
=

𝑊+−𝑊−

𝑊++𝑊−
=

𝛷+−𝛷−

𝛷++𝛷−
.    (2.1) 

Here, 𝑃+ and 𝑃− are the power (in watts) of the right 𝜎+ and left 𝜎− CPL components of 

the incident light, respectively. 𝑃𝑐 can also be defined in terms of the intensities 𝑊± (in 

W/cm
2
) or photon fluxes 𝛷± (in number of photons / cm

2
∙s) since these quantities are 

proportional to the power. Particularly, 𝑃𝑐 can take any value between 1 and −1. Since the 

component of 𝐼𝑝ℎ  that depends on helicity is typically small, we can linearize the 

helicity-dependent component and express 𝐼𝑝ℎ as follows 
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𝐼𝑝ℎ(𝑃𝑐) = 𝐼𝑝ℎ,0 + 𝐼ℎ𝑑 ∙ 𝑃𝑐.    (2.2) 

Here, the first term 𝐼𝑝ℎ,0 is the component of 𝐼𝑝ℎ that does not depend on the helicity, the 

second term 𝐼ℎ𝑑 ∙ 𝑃𝑐  is the helicity-dependent component of 𝐼𝑝ℎ , and 𝐼ℎ𝑑  is a positive 

constant that describes the strength of the helicity dependence. Note that the 𝐼𝑝ℎ,0 term is 

essentially identical to the photocurrent from conventional photodiode, i.e. 𝐼𝑝ℎ,0 = 𝑅𝑝ℎ ∙ 𝑃0. 

Furthermore, the highest physically possible value for 𝐼ℎ𝑑 is 𝐼𝑝ℎ,0. There is a theoretical 

explanation for this (which will be discussed later). For now, let us argue that since |𝑃𝑐|  1, 

and if 𝐼ℎ𝑑 becomes larger than 𝐼𝑝ℎ,0, we can have a negative photocurrent (which cannot 

happen). Therefore, it has to be that 𝐼ℎ𝑑 ≤ 𝐼𝑝ℎ,0. In typical spin-PD, 𝐼ℎ𝑑 is a small fraction 

of 𝐼𝑝ℎ,0.
2
 We can therefore rewrite Eq. (2.1) as follows  

𝐼𝑝ℎ(𝑃𝑐) = 𝐼𝑝ℎ,0 + 𝐼𝑝ℎ,0 ∙ 𝐴𝑆𝐹 ∙ 𝑃𝑐 = 𝐼𝑝ℎ,0 ∙ (1 +  𝐴𝑆𝐹 ∙ 𝑃𝑐).   (2.3) 

Here, we have expressed 𝐼ℎ𝑑  as a fraction of 𝐼𝑝ℎ,0 , and 𝐴𝑆𝐹 = 𝐼ℎ𝑑/𝐼𝑝ℎ,0  is a constant 

(usually express in %) that describes the relative strength of the helicity-dependent 

component to the helicity-independent component of 𝐼𝑝ℎ . 𝐴𝑆𝐹  has historically been 

referred to as the spin filtering asymmetry (since the asymmetry in the photocurrent comes 

from spin filtering or spin transport).
3
 A high 𝐴𝑆𝐹  is generally considered desirable for 

spin-PD applications. The 𝐴𝑆𝐹  of a spin-PD depends on the design, geometry, as well as the 

materials properties of the spin-PD. 𝐴𝑆𝐹  can experimentally be obtained by measuring the 

photocurrents from 𝜎+  and 𝜎−  illumination and then taking their difference, ∆𝐼 =

𝐼𝑝ℎ(𝑃𝑐 = 1) − 𝐼𝑝ℎ(𝑃𝑐 = −1).  ∆𝐼 is referred to as the helicity-dependent photocurrent and 

is described by  

 ∆𝐼 = 𝐼𝑝ℎ(𝑃𝑐 = 1) − 𝐼𝑝ℎ(𝑃𝑐 = −1) = 2𝐴𝑆𝐹 ∙ 𝐼𝑝ℎ,0.   (2.4) 

In order to isolate 𝐴𝑆𝐹 , we need to divide ∆𝐼 with 𝐼𝑝ℎ,0. This can be done by taking the 

average of the photocurrents from 𝜎+  and 𝜎−  illumination, 𝐼𝑝ℎ,0 = [𝐼𝑝ℎ(𝑃𝑐 = 1) +

𝐼𝑝ℎ(𝑃𝑐 = −1)]/2. Combining this with Eq. (2.3) leads us to 

𝐹 =
∆𝐼

𝐼𝑝ℎ,0
=

2[𝐼𝑝ℎ(𝑃𝑐=1)−𝐼𝑝ℎ(𝑃𝑐=−1)]

𝐼𝑝ℎ(𝑃𝑐=1)+𝐼𝑝ℎ(𝑃𝑐=−1)
= 2𝐴𝑆𝐹 .    (2.4) 

Here, F is the figure of merit of a spin-PD
2
 (also sometimes referred to as the spin conversion 

efficiency). F is the main performance metric of a spin-PD. Due to recent advancements, F 

as high as 5% has been achieved at room temperature for vertical spin-PD.
2,4

 

One thing to note is that F can be defined in several ways. For instance, in Ref. 2, F was 

defined as the ratio of ∆𝐼 to the photocurrent for linearly polarized illumination. This is also 

correct and is equivalent to the definition of Eq. (2.4). In later chapters of this work, 
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shorthand notations may be used such as 
∆𝐼

𝐼𝑝ℎ
 instead of 

∆𝐼

𝐼𝑝ℎ,0
, 𝐼𝑝ℎ(𝜎±) instead of 𝐼𝑝ℎ(±1), 

or 𝑃𝑐(𝜎±) instead of 𝑃𝑐 = ±1. These refer to the same things (and are possibly redundant), 

but using them can sometimes provide better context. 

As a final point, one often overlooked “advantage” of a vertical-type spin-PD is the effect 

of magneto-circular dichroism to the photocurrent. In general, the effect of MCD is small 

(within a few percent at most), but since 𝐴𝑆𝐹  also tends to be small (also within a few 

percent), MCD can be significant. In the presence of MCD Eq. (2.2) becomes 

𝐼𝑝ℎ(𝑃𝑐) = [𝐼𝑝ℎ,0 ∙ (1 +  𝐴𝑆𝐹 ∙ 𝑃𝑐)] ∙ (1 + 𝐷 ∙ 𝑃𝑐) ≈ 𝐼𝑝ℎ,0 ∙ [1 + (𝐴𝑆𝐹 + 𝐷) ∙ 𝑃𝑐].   (2.5) 

Here, 𝐷 is the MCD component of the photocurrent,
2,5

 and we have dropped the higher 

order term. The corresponding F with MCD is  

𝐹 =
∆𝐼

𝐼𝑝ℎ,0
= 2(𝐴𝑆𝐹 + 𝐷).     (2.6) 

It can clearly be seen that 𝐷 tends to improve F, and we have to keep this in mind to make a 

fair comparison between vertical-type and lateral-type spin-PDs. In the present study, owing 

to the lateral geometry, data is generally free of MCD (except for the oblique angle 

illumination in Ch. 5), but this discussion has been presented for the sake of completeness. 

 

2.2 Basic semiconductor physics  

Semiconductor devices have become ubiquitous in recent times. The property that 

distinguishes semiconductors from other materials such as metals and insulators is the 

existence of an energy band gap in their electronic band structures. Show in Fig. 2.1 (a) is a 

schematic of the band structure of an intrinsic (undoped) semiconductor.
6,7

 In the band gap, 

there are no electronic states. The size of the energy gap 𝐸𝑔  depends on the material. 

Common values at room temperature are: 1.12 eV for Si,
8
 1.42 eV for GaAs,

9
 0.66 eV for 

Ge,
10

 and 3.2 eV for GaN.
11

 Below the gap is the valence band (VB) and above the gap is the 

conduction band (CB). There are electronic states in the VB and CB. 

For an undoped semiconductor, the Fermi level is located at the middle of the gap. The 

Fermi level (also referred to as the chemical potential) determines which states are filled 

with electrons and which ones are vacant. At absolute zero, all the states below the Fermi 

level are filled with electrons, while all the states above the Fermi level are vacant. In this 

case the entire VB is filled with electrons, while the entire CB is empty. At temperatures 

other than absolute zero, some of the electrons in the VB are thermally excited to the CB. 

The amount of thermally excite electrons in the CB is described by Fermi-Dirac statistics.
12
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In particular, the electron concentration at the bottom edge of the CB is  

𝑛 = ∫ 𝐷(𝐸) ∙ 𝑓(𝐸, 𝐸𝐹) 𝑑𝐸 ≈ 𝐷𝐶𝐵 ∙ exp (
𝐸𝐹−𝐸𝐶

𝑘𝐵𝑇
).   (2.7) 

Here, 𝑛 is electron concentration at the CB, 𝐷(𝐸) is the density of states, 𝐷𝐶𝐵  is the 

effective density of states at the edge of the CB  𝐸𝐶, 𝑓(𝐸, 𝐸𝐹) = [exp (
𝐸−𝐸𝐹

𝑘𝐵𝑇
) + 1]

−1

 is the 

Fermi-Dirac distribution function, which we can be approximated (for most semiconductors 

at room temperature) as the Boltzmann distribution exp (
𝐸𝐶−𝐸𝐹

𝑘𝐵𝑇
), 𝑘𝐵  is the Boltzmann 

constant, and 𝑇 is the temperature. 𝑘𝐵𝑇 is referred to as the thermal energy, which is about 

25.7 eV at room temperature. Note also that for an intrinsic semiconductor, due to 

conservation of charge, electrons thermally excited into the CB leave behind vacancies or 

holes in the VB. The number of holes 𝑝 is equal to 𝑛. Furthermore, only electrons in the CB 

𝑛 and holes in the VB 𝑝 can actually participate in conduction. Electrons locked deep in the 

VB cannot move because there is no place for them to move since all of the states are 

occupied. 

 

 

Figure 2.1 Energy band diagram of (a) an undoped or intrinsic semiconductor, (b) a 

n-type semiconductor, and (c) a p-type semiconductor. 

For an intrinsic semiconductor at room temperature, 𝑛 is typically small, about 2×10
6
 

cm
3

 for GaAs (this is called the intrinsic carrier concentration 𝑛𝑖). In comparison, a typical 

commercial n-type GaAs substrate has 𝑛  of about 10
18

 cm
3

. This high electron 

concentration is needed in order to achieve a low resistivity. So that one can imagine that an 

undoped semiconductor is practically an insulator.  

In order to increase the number of carriers in a semiconductor, impurities can be added to 

the semiconductor crystal. This process is referred to as doping. In the case of GaAs, Si can 

be added in small amounts. Silicon atoms act as donors giving off electrons each to the CB. 

The net effect of this is that the Fermi level would move towards the CB, forming an n-type 

semiconductor as shown in Fig. 2.1 (b). From Eq. (2.7) we immediately recognize that as  
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𝐸𝐹 becomes closer to 𝐸𝐶, the exponential term increases. The doping level is described by 

the concentration of donor atoms 𝑁𝐷. For moderate doping levels, up to about 𝑁𝐷  10
17

 

cm
3

, all of the donor atoms are ionized, so that the 𝑛 is approximately equal to 𝑁𝐷 . 

Similarly, doping GaAs with Be or Zn atoms, which act as electron acceptors, creates holes 

in the VB, where the density of holes 𝑝 is approximately equal to the density of acceptor 

atoms 𝑁𝐴. This leads to the movement of the Fermi level towards the VB edge, forming a 

p-type semiconductor, as shown in Fig 2.1 (c). 

 

 

Figure 2.2 Schematic diagrams of (a) optical pumping and (b) electrical pumping. 

So far we’ve only discussed about equilibrium carrier concentrations. It is also possible to 

create non-equilibrium carriers into semiconductors. This process is referred to as pumping. 

There are two general kinds of pumping: optical and electrical. Shown in Fig. 2.2 (a) is a 

schematic diagram of optical pumping. When photons with energy greater than the energy 

gap hit a semiconductor, photons are absorbed creating an electron-hole pair. Electrons in the 

VB are excited to the CB leaving a hole in the VB. Excited electrons naturally relax and 

recombine with holes in the VB after some time. This relaxation process has a characteristic 

recombination lifetime 𝜏𝑟𝑒𝑐. As long as the pumping continues, at the CB, there will be a 

non-equilibrium electron concentration ∆𝑛 = 𝑛 − 𝑛0 , where 𝑛0  is the electron 

concentration at equilibrium. Likewise, in the VB, there will be a non-equilibrium hole 

concentration ∆𝑝 = 𝑝 − 𝑝0. Again the subscript 0 indicates an equilibrium value. Note that 

owing to charge neutrality, ∆𝑛 is always equal to ∆𝑝. The net effect is that the Fermi level is 

split into distinct quasi-Fermi levels: 𝐸𝐹,𝑛 for electrons and 𝐸𝐹,𝑝 for holes.  

Pumping can also be achieved electrically. In this case, a p-type/intrinsic/n-type (p-i-n) 

junction is required. Shown in Fig. 2.2 (b) is a schematic diagram of electrical pumping. 

When a forward bias is applied to the p-i-n junction, a current passes through. In particular, 

electrons from the n-type material are injected into the intrinsic material. Likewise, holes 
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from the p-type material are injected into the intrinsic material. Note that the current has to 

be continuous anywhere in the junction so that overall charge neutrality is kept. This means 

again that, in the i-GaAs, ∆𝑛 = ∆𝑝. Furthermore, at a high enough bias, the quasi-Fermi 

levels in the i-GaAs form, such that  𝐸𝐹,𝑛 is continuous and matches the Fermi level of the 

n-type material and 𝐸𝐹,𝑝  is also continuous and matches the Fermi level of the p-type 

material. 

 

2.3 Semiconductor physics in Schottky photodiodes  

We now move the discussion to the physics of photodiodes. Emphasis will be placed on 

Schottky photodiodes,
13-17

 since the structure of the spin-PDs in the present work are based 

on them. A Schottky photodiode (sometimes referred to as Schottky junction photodiode or 

Schottky barrier photodiode) is formed by a junction of a metal and a semiconductor (in the 

case of the spin-PDs here, we have inserted a thin insulating tunnel barrier between the metal 

and semiconductor, but the physics is the same). When a junction of a semiconductor with a 

metal is formed, a barrier along with a depletion region is formed in the semiconductor, as 

shown in Fig. 2.3. The height of the barrier 
𝐵

 and the width of the depletion region 𝑤 

depend of the properties of the metal and semiconductor.
18

  

 

 

Figure 2.3 Energy band diagrams of (a) p-type and (b) n-type Schottky diodes. 

In the first approximation, the barrier height is proportional to the difference between the 

work function of semiconductor and that of the metal. Inside the depletion region, (as the 

name suggests) carriers are depleted and there is a built-in electric field. This electric field 

can be utilized to collect photogenerated carriers. Schottky diodes can be constructed with a 

variety of metal and semiconductor combinations. If a p-type semiconductor is used [as 

shown in Fig. 2.3 (a)],
19

 the built-in electric field is directed away from the metal, and the 

barrier is formed at the VB. One the other hand, if an n-type semiconductor is used [as 



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

28 

 

shown in Fig. 2.3 (b)],
20

 the built-in electric field is directed towards from the metal, and the 

barrier is formed at the CB. For the present work, p-type semiconductors have been used in 

order to collect electrons at the contact, so that we are going to focus on the p-type case. 

 

 

Figure 2.4 Working principle of p-type Schottky photodiode. 

The working principle of a p-type Schottky photodiode is shown in Fig. 2.4. When light, 

with photon energy (ℎ𝑣) higher than the band gap (𝐸𝑔) of the semiconductor (ℎ𝑣 > 𝐸𝑔), is 

incident onto the semiconductor, carriers (electrons and holes) are photogenerated. The 

built-in electric field in the depletion region separates the electrons from the holes, with 

electrons being collected at the metal contact and holes being pushed into the bulk. At the 

metal contact, the collected minority carriers (electrons in this case) form the photocurrent. 

The principle of charge separation is an essential component in photodiode and solar cell 

operation. Furthermore, there are two components to the photocurrent: the drift component 

and the diffusion component. The drift component comes from electrons that are 

photogenerated inside the depletion width. These are immediately swept by electric field. 

On the other hand, the diffusion component comes from electrons that are photogenerated 

outside the depletion width but are transported via diffusion to the depletion region. Outside 

the depletion width, there is no electric field, but as more and more electrons pile up, a 

concentration gradient forms (with a low concentration near the depletion region and a high 

concentration at the bulk). Owing to the concentration gradient, electrons diffuse to the 

depletion region. The distance that electrons diffuse on average is described by the diffusion 

length 𝜆𝑛. Electrons that are photogenerated within a distance 𝜆𝑛 from the depletion region 

have a high probability of being transported via diffusion and collected. On the other hand, 

electrons that are photogenerated at distances greater than 𝜆𝑛 from the depletion region 

have a small probability of being transported and collected. Therefore only electrons 
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photogenerated within 𝜆𝑛 contribute efficiently to the photocurrent. In a typical Schottky 

photodiode, the diffusion component tends to be larger than the drift component. This is 

because the Schottky depletion width is typically small, in the order of 10 to 100 nm,
21

 

whereas the diffusion length is typically in the order of 1 to 10 μm.
22

  

 

2.4 Transport of carriers in a semiconductor  

In the previous section, we have qualitatively discussed the concept of a Schottky 

photodiode. In order to quantitatively describe the carrier dynamics in the photodiode, we 

need to utilize the charge continuity equation.
23

 This is also referred to as the drift-diffusion 

equation. The general form of the continuity equation is as follows: 

𝜕∆𝑛

𝜕𝑡
= 𝐷𝛻2∆𝑛 + 𝜇𝐸𝛻∆𝑛 −

∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺.    (2.8) 

Here, ∆𝑛  is the non-equilibrium electron concentration at the CB, 𝐷  is the diffusion 

coefficient, 𝜇 is the electron mobility, 𝐸 is the electric field, 𝜏𝑟𝑒𝑐 is the electron lifetime, 

and  𝐺 is the generation rate. The term on the left side of the equation is the total change in 

∆𝑛 with respect to time, while on the right side of the equation, the first term is the diffusion 

term, the second is the drift term, the third is the recombination term, and the last is the 

generation term. The continuity equation is a differential equation which we can solve to 

find the dynamics of our electron system. 

Let us consider the 1-dimensional (1-D) system shown in Fig. 2.4. In our photodiode, 

photons are incident to the semiconductor so that there is a non-zero 𝐺. For simplicity, let 

first only solve for the region outside the depletion region, where there is no electric field. 

Let us also assume that the illumination is uniform so that 𝐺 is a constant. We are interested 

in finding the carrier distribution ∆𝑛(𝑥), where we let 𝑥 = 0 be the boundary between the 

depletion region and the bulk of the semiconductor, so that we are solving for the region 

𝑥 ≥ 0. We know that far from the depletion region (in the bulk, where 𝑥 ≫ 0), both the drift 

and diffusion terms in Eq. (2.8) vanish. If we were to look for the steady-state solution, we 

would get  

0 = −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺.      (2.9) 

Here, it becomes obvious that ∆𝑛 = 𝐺𝜏𝑟𝑒𝑐. We’ve already found the value of ∆𝑛 far from 

the depletion region. The only remaining problem is to solve for ∆𝑛 closer to the depletion 

region, where the diffusion term is not zero. In this case, Eq. (2.8) becomes  

0 = 𝐷
𝜕2∆𝑛

𝜕𝑥2 −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺.     (2.10) 
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Here, we actually have the following boundary conditions: at 𝑥 → ∞, ∆𝑛 → 𝐺𝜏𝑟𝑒𝑐 and at 

𝑥 = 0, the charge and current have to be continuous, 𝐽 =  𝐷 ∙
𝜕∆𝑛

𝜕𝑥
= 𝜇𝐸∆𝑛(𝑥 = 0). The 

solutions to Eq. (2.10) are exponentials, and after imposing the boundary conditions the 

solution becomes  

∆𝑛(𝑥) =  𝐺𝜏𝑟𝑒𝑐[1 − exp (−𝑥/𝜆𝑛)] + 𝐺𝜆𝑛/𝜇𝐸.   (2.11) 

Here, 𝜆𝑛 = √𝐷𝜏𝑟𝑒𝑐 is the electron diffusion length. It can also be shown that the current at 

𝑥 = 0 is  

𝐽(𝑥 = 0) = 𝐺𝜆𝑛.     (2.12) 

This means that the diffusion component of the photocurrent is equal to number of 

photogenerated electron within 𝜆𝑛. Now let us try to find the solution inside the depletion 

region. For simplicity, let us to shift coordinates to 𝑥′ = 𝑥 + 𝑤 , so that 𝑥′ = 0 is the 

interface between the metal and semiconductor. In this region, there is strong electric field so 

that we can ignore the diffusion and recombination terms. The continuity equation becomes  

0 = 𝜇𝐸
𝜕∆𝑛(𝑥′)

𝜕𝑥′
+ 𝐺.     (2.13) 

Here the following boundary conditions need to be imposed: at 𝑥′ = 𝑤 or 𝑥 = 0, both 

𝐽(𝑥 = 0) = 𝐺𝜆𝑛 and ∆𝑛(𝑥 = 0) = 𝐺𝜆𝑛/𝜇𝐸 have to be continuous. It can be shown that 

the solution is 

∆𝑛(𝑥′) =  (𝐺/𝜇𝐸) ∙ (𝑤 − 𝑥′) + 𝐺𝜆𝑛/𝜇𝐸.   (2.14) 

And the current at 𝑥′ = 0 is 𝐽 = 𝜇𝐸∆𝑛(𝑥′ = 0). Solving for this we get 

𝐽 = 𝐺(𝑤 + 𝜆𝑛).     (2.15) 

This means that the total photocurrent is just equal to the total photogenerated electrons 

within 𝑤 + 𝜆𝑛. Since typically 𝑤 < 𝜆𝑛, it can be seen that the diffusion component of the 

photocurrent is larger than the drift component. Also, this again suggests that in electrons 

that are photogenerated far from the depletion region do not contribute efficiently to the 

photocurrent. Keeping this in mind is important in analyzing the spin-PDs in the present 

work. 

 

2.5 Spin dynamics in a semiconductor   

In this section, we now introduce the concept of spin polarization in semiconductors. In a 

semiconductor, electrons in the CB can either be spin-up or spin-down. Normally, there 

would be no point in distinguishing between the two since they are almost always equal in 

numbers (i.e. 𝑛↑ = 𝑛↓). The electrons in the CB are spin polarized when 𝑛↑ ≠ 𝑛↓. As briefly 

mentioned in the preceding chapter, for a conventional (non-magnetic) semiconductor at 
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equilibrium, carriers are not spin-polarized.
24

 Therefore, when any spin polarization present 

the system is not at equilibrium. The carrier spin polarization is usually defines as  

𝑃𝑛 =
∆𝑛↑−∆𝑛↓

∆𝑛↑+∆𝑛↓ =
∆𝑠

∆𝑛
.     (2.13) 

Here, ∆𝑛↑  and ∆𝑛↓  are the non-equilibrium carrier concentration for the spin-up and 

spin-down bands, respectively, ∆𝑠  is the concentration of spins, and ∆𝑛  is the total 

non-equilibrium carrier concentration. Shown in Fig 2.5 is the band diagram of intrinsic 

semiconductor with spin-polarization. Since ∆𝑛↑ ≠ ∆𝑛↓, the quasi-Fermi level for spin-up 

electrons 𝐸↑
𝐹,𝑛 is also not equal to the quasi-Fermi level for spin-down electrons 𝐸↓

𝐹,𝑛. 

Moreover, the difference 𝐸↑
𝐹,𝑛 − 𝐸↓

𝐹,𝑛 is called the spin-splitting energy ∆𝜇.  

 

Figure 2.5 Energy band diagram of an intrinsic semiconductor with spin-polarized 

carriers. 

Spin polarization in conventional semiconductor eventually vanishes as the system 

restores equilibrium in a process called spin relaxation. There are several mechanisms of 

spin relaxation semiconductors. For instance, in p-GaAs, the dominant spin relaxation 

mechanism is the Dyakonov-Perel (DP) mechanism.
25

 Regardless of the mechanism, the net 

result is the same; electrons in the majority spin-band undergo spin flipping and get 

converted into electrons of the minority spin-band. This process is repeated until the two 

spin-bands have the same number of electrons. The time scale for this relaxation process is 

described by the characteristic spin lifetime 𝜏𝑠. The spin lifetime 𝜏𝑠 is typically much faster 

than the carrier lifetime 𝜏𝑟𝑒𝑐.
22

 

In general, holes in the VB can also be spin-polarized, but in most cases, due to 

degeneracy of the light hole and heavy hole bands, the spin relaxation time of holes (in the 

order of 100 fs) is much faster than that of electrons.
26

 So the spin polarization in holes 

practically vanishes immediately, so that for the rest of the analyses here, we will ignore hole 

spin polarization. 
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2.6 Optical spin injection into semiconductors  

In the previous section, we have described the spin dynamics in a semiconductor without 

specifically talking about how spin polarization is introduced. The process of introducing 

spins is called spin injection. The simplest way of introducing spin polarized carriers into 

zincblende and diamond structure semiconductors is through optical spin injection. Shown 

in Fig. 2.6 is the spin optical selection rules (also referred to as the angular momentum 

conservation rules) for a bulk zincblende (e.g. GaAs) and diamond (e.g. Ge) crystal 

semiconductors.
27

 

 

 

Figure 2.6 Spin optical selection rules for zincblende and diamond structure 

semiconductors. 

Here, J is the angular momentum quantum number: J = 1/2 for electrons in the CB, J = 3/2 

for heavy holes, and J = 1/2 for light holes in the VB. The + sign is taken for spin-up, while 

the  sign is taken for spin-down. Since the charge of the electron is negative, the magnetic 

moment μJ is directed down (up) for spin-up (spin-down) electrons. Furthermore, the 

transition probability for the heavy hole bands is 3 times that for the light hole bands. So that 

when σ
+
 light is incident, the number of spin-up electrons photogenerated per unit time is 3 

times that of spin-down electrons (i.e. 𝐺↑ = 3 ∙ 𝐺↓). This leads to a spin generation rate of 

𝐺𝑆 = 𝐺↑ − 𝐺↓ = 0.5 ∙ (𝐺↑ + 𝐺↓). 

Optical spin injection is one of the earliest experimentally demonstrated methods of 

introducing spin into semiconductors.
28,29

 But due to the need for an external CPL source, 

practical applications have been scarce. Although recently, it has again become quite popular, 

thanks to the development of advanced vertical external cavity surface emitting lasers 

(VECSELs).
1,30

  

In the present study, the optical selection rules have been exploited to generate 

spin-polarized carriers in a Schottky photodiode. The photodiode then naturally collects 

these spin-polarized carriers as photocurrent. In this case, a special contact is actually needed 
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in order to convert the collected spins into an actual current, but these will be discussed in the 

latter sections. 

 

2.7 Electrical spin injection into semiconductors 

Electrically injecting spin into semiconductors effectively is one of the most active 

research topics in semiconductor spintronics today. It is not possible to directly inject spins, 

so the standard approach is to indirectly inject spins by using charge currents from a spin 

source such as a ferromagnetic metal. The idea is rather simple but actual implementation is 

difficult and complicated. Any good discussion in electric spin injection starts by talking 

about the conductivity mismatch problem (also referred to as the conductance mismatch 

problem).
31 

While the conductivity mismatch problem was originally formulated through 

rigorous theoretical calculations, here we will follow the more empirical argument presented 

in Ref. 32. (On an interesting side note, the first author of Ref. 31 also wrote Ref. 32.)  

 

 

Figure 2.7 (a) Schematic of a FM-SC junction. (b) Voltage profile for the junction 

assuming the bulk FM polarization is fully injected across. (c) Voltage profile for the 

junction assuming the spin splitting voltage is continuous across the junction. 

The problem formulation starts as follows: we want to inject spins from a ferromagnetic 

metal (FM) into a semiconductor (SC). So, we form a FM-SC junction as shown in Fig. 2.7 
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(a), in which the FM acts as an ohmic contact to the SC. We then drive a current across the 

junction. For simplicity, let us assume that the dimensions of the FM and SC are much larger 

than the spin diffusion lengths 𝜆𝑠 (all the spin dynamics are contained inside the FM-SC 

system). Typically, in a FM, 𝜆𝑠,𝐹𝑀 is in the order of 10 nm, whereas in a SC, 𝜆𝑠,𝑆𝐶 is in the 

order of 1 µm.
32

  

The basic idea is simple. Conduction electrons in a FM are spin-polarized at equilibrium. 

This is because there is an imbalance the densities of states 𝐷 of the two spin bands as 

shown in Fig. 2.8. This is in contrast with that of a SC, where there is no spin polarization at 

equilibrium and that any spin-polarization is non-equilibrium. At the CB of the FM, the 

density of conducting electrons for each spin band is given by 𝑁↑(↓) = 𝑓(𝐸𝐹) ∙ 𝐷↑(↓), where 

𝑓(𝐸𝐹) is the Fermi-Dirac distribution function and 𝐷↑(↓) is the effective density of states at 

the fermi level for the spin-up (spin-down) band. From the Drude model,
33

 the current 

density in the FM is given by 𝐽 = 𝜎𝑑𝑟𝑢𝑑𝑒 ∙ 𝐸 = (
𝑁𝑒2𝜏∗

𝑚∗ ) ∙ 𝐸, where 𝜎𝑑𝑟𝑢𝑑𝑒  is the Drude 

conductivity, 𝐸 is the applied electric field, 𝑁 the total density of conducting electrons, 𝑒 

the electron charge, 𝜏∗ the scattering time, and 𝑚∗ the (effective) mass of the electrons. 

Now, we don’t really care so much about the validity of the Drude model, only as much as 

that we can intuitively express the current density for each spin band as follows:  

𝐽 = [
(𝑁↑+𝑁↓)𝑒2𝜏∗

𝑚∗ ] ∙ 𝐸 = [(
𝑁↑𝑒2𝜏∗

𝑚∗ ) + (
𝑁↓𝑒2𝜏∗

𝑚∗ )] ∙ 𝐸 = (𝜎↑ + 𝜎↓) ∙ 𝐸 = 𝐽↑ + 𝐽↓. (2.14) 

Here, 𝜎↑(↓)  is the conductivity for the spin-up (spin-down) electrons and  𝐽↑(↓)  is the 

spin-up (spin-down) component of the current density. The important point is that we have 

shown that 𝐽↑(↓) ∝ 𝜎↑(↓) ∝ 𝐷↑(↓). That is when we drive a current through a FM the current is 

automatically spin-polarized due to the difference in density of states for the two spin bands. 

 

 

Figure 2.8 Schematic diagrams of densities of states for the two spin bands in the case 

of (a) a FM and (b) a SC. 

It is also important to note that there are actually two spin-polarizations here. One is the 
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spin-polarization of the current 𝑃𝐽 =
𝐽↑−𝐽↓

𝐽↑+𝐽↓
=

𝐽𝑠

𝐽
, where 𝐽𝑠is the spin current density, and the 

other being the spin-polarization of the electrons (carriers) 𝑃𝑛 =
𝑁↑−𝑁↓

𝑁↑+𝑁↓ , which is also 

sometimes referred to as the bulk spin polarization 𝛽. If we only consider an isolated FM, 

these two are the same, but in general they can have different values. This is especially true 

when we deal with junction between FM and other materials. 

Now, going back to the original problem, suppose we assume that, upon driving a current 

𝐽 across the FM-SC junction, the current spin-polarization 𝑃𝐽,𝐹𝑀 is the same as 𝑃𝑛,𝐹𝑀 in the 

FM, and that the 𝑃𝐽,𝐹𝑀 from the FM is conserved across the junction, so that at the SC just 

next to the junction 𝑃𝐽,𝑆𝐶 = 𝑃𝐽,𝐹𝑀. Of course, inside the SC spin relaxation occurs, and at 

distances much larger than 𝜆𝑠 the spin-polarization vanishes. Shown in Fig 2.7 (b) is a 

diagram of what the voltage profile would look like in this case. To provide some context on 

the 𝑃𝑛 value of a typical FM, Fe for example has a 𝑃𝑛 of about 0.42.
34-36

 In order to create a 

𝑃𝐽,𝑆𝐶 of 0.42 at the SC just next to the junction, there would have to be a large spin-splitting 

voltage ∆𝑉𝑆𝐶 = ∆𝜇/𝑒 = (𝜇↑ − 𝜇↓)/𝑒. But this situation results in a discontinuity in the 

voltage profile of each spin band at the junction. Discontinuities in the voltages lead to near 

infinite voltage gradients and hence near infinite currents at the junction, a situation that is 

not possible. Hence, the voltage for each spin band should be continuous across the junction, 

so that a schematic the correct voltage profile is shown in Fig. 2.7 (c). At the far left of the 

junction, the spin-polarization of the current is 𝑃𝐽,𝐹𝑀 = 𝑃𝑛,𝐹𝑀, but as we approach junction, 

the voltages of the two spin bands starts to split. At this region, the spin-polarization of the 

current is reduced ( 𝑃𝐽,𝐹𝑀 ≠ 𝑃𝑛,𝐹𝑀 ), and is converted into a spin-voltage ∆𝑉𝐹𝑀 . The 

spin-voltage at the left side of the junction is equal to the spin-splitting at the right side of the 

junction, ∆𝑉𝐹𝑀 = ∆𝑉𝑆𝐶. Note that due to the gradient of ∆𝑉𝐹𝑀, it can be seen that 𝑃𝐽,𝐹𝑀 <

𝑃𝑛,𝐹𝑀. Furthermore, in the SC, the spin-polarization of the current 𝑃𝐽,𝑆𝐶 is always the same 

as the spin-polarization of the carriers 𝑃𝑛,𝑆𝐶  because the conductivities of the two spin 

bands are always equal. 

So where exactly is the problem? From the spin-polarized equivalent of Ohm’s law, the 

spin current density at the SC side is 

𝐽𝑠 = 𝜎𝑆𝐶 ∙ ∆𝑉𝑆𝐶/(2 ∙ 𝜆𝑠,𝑆𝐶).    (2.15) 

At the FM side, the spin current has two contributions, one from bulk spin polarization 

𝑃𝑛,𝐹𝑀, and one from the spin-voltage ∆𝑉𝐹𝑀. Hence,  

𝐽𝑠 = 𝑃𝑛,𝐹𝑀 ∙ 𝐽 − 𝜎𝐹𝑀 ∙ ∆𝑉𝐹𝑀/(2 ∙ 𝜆𝑠,𝐹𝑀).   (2.16) 
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Here, the first term is just the bulk spin-polarization. The second term is negative because the 

direction of the gradient of ∆𝑉𝐹𝑀 creates a spin current that is opposite that of the bulk, 

reducing the net spin current. Combining the expressions for the spin current for the two 

sides of the junction, it can finally be shown that  

 𝐽𝑠 =
𝑃𝑛,𝐹𝑀∙𝐽

(1+
𝜎𝐹𝑀∙𝜆𝑠,𝑆𝐶
𝜎𝑆𝐶∙𝜆𝑠,𝐹𝑀

)
.    (2.17) 

This (rather straightforward) expression tells us that value of the spin current 𝐽𝑠 is simply 

proportional to the bulk spin polarization of the FM 𝑃𝑛,𝐹𝑀 multiplied with the total current 

being driven 𝐽, which makes sense. But notice also that spin current also depends on the 

terms in the denominator. Now let’s try to run some numbers, 𝜎𝐹𝑀 is about 10
7
 S/m for Fe,

37
 

while 𝜎𝑆𝐶 is about 10
3
 S/m for highly doped GaAs.

38
 Since we already have an idea for 

𝜆𝑠,𝑆𝐶 (about 1 µm) and 𝜆𝑠,𝐹𝑀 (about 10 nm), it is clear that the denominator is of the order 

10
6
, 𝐽𝑠  is literally less than a millionth of the total current 𝐽 . Hence, any attempt to 

electrically inject spins from a FM to a SC through an ohmic contact would results into a 

negligible spin current. The problem primarily arises from the difference in conductivities of 

the FM and SC. Metals tend to have high conductivities, while semiconductors (especially 

when not doped) tend to have very low conductivities.  

Another point of interest here is that spin-voltage ∆𝑉𝐹𝑀 at the FM can also be expressed 

as the product of the total current 𝐽 and difference in the resistance (times area) of the 

spin-up and spin-down channels. 

−∆𝑉𝐹𝑀 = 𝐽 ∙ (𝑅↑ − 𝑅↓) = 𝐽 ∙ [
2𝜆𝑠,𝐹𝑀

𝜎𝐹𝑀(1+𝑃𝑛,𝐹𝑀)
−

2𝜆𝑠,𝐹𝑀

𝜎𝐹𝑀(1−𝑃𝑛,𝐹𝑀)
] =

𝐽∙2𝜆𝑠,𝐹𝑀

𝜎𝐹𝑀
∙ (

−2𝑃𝑛,𝐹𝑀

1−𝑃𝑛,𝐹𝑀
2).  (2.18) 

Here we only consider the region with the spin-voltage (within the distance 𝜆𝑠,𝐹𝑀 from the 

junction). If we try to solve for the spin current 𝐽𝑠 using Eq. (2.15), we get 

𝐽𝑠 =
𝜎𝑆𝐶∙𝐽∙(𝑅↑−𝑅↓)

2∙𝜆𝑠,𝑆𝐶
=

𝜎𝑆𝐶∙𝜆𝑠,𝐹𝑀∙𝐽

𝜎𝐹𝑀∙𝜆𝑠,𝑆𝐶
∙ (

2𝑃𝑛,𝐹𝑀

1−𝑃𝑛,𝐹𝑀
2).   (2.19) 

This expression essentially has the same message as Eq. (2.17). But what it does show more 

clearly is that in order to inject a 𝐽𝑠 anywhere near 𝐽, the resistance difference 𝑅↑ − 𝑅↓ (in 

units of Ω∙cm
2
) of the contact should be comparable to the resistance 𝜎𝑆𝐶/(2𝜆𝑠,𝑆𝐶) of the 

SC. In fact, the resistance difference 𝑅↑ − 𝑅↓ is one of the most important figures of merit 

for a spin injector.
32

 

So, how do we solve this problem? Two solutions have been proposed. One is to use a 

dilute magnetic semiconductor (DMS) spin injector, and the other is to use a tunnel 

contact.
39-41

 A typical DMS based spin contact such as GaMnAs has a conductivity of about 
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10
4
 S/m, which is much closer to that of a SC. Shown in Fig. 2.9 (a) is the is a schematic of 

the voltage profile in a DMS-SC junction. There is a spontaneous spin polarization in the CB 

of a DMS, which is due to the actual splitting of the bottom edge of the CB for the two spin 

bands (much like a FM). This is in contrast with a SC, in which spin-polarization manifests a 

difference in the quasi-fermi level of the two spin bands. Unfortunately, so far DMS 

materials are only ferromagnetic at low temperatures (lower than 150 K for GaMnAs).
42

 

This makes DMS spin contacts unsuited for room temperature operation, which only leaves 

the latter option for practical devices. 

 

 

Figure 2.9 Voltage profiles for (a) a DMS-SC junction and (b) a FM-TB-SC junction. 

The tunnel contact is by far the more popular choice, partially due to the successes in MTJ 

research. A tunnel contact is a junction formed by inserting a thin insulating tunnel barrier 

(TB) between a FM and a SC. Show in Fig. 2.9 (b) is a schematic of the voltage profile in a 

tunnel contact. There are two points of interest here: first, the resistance (times area) of the 

tunnel barrier is typically large (and usually dominates the total resistance) and can easily be 

controlled by choosing the thickness of the tunnel barrier; second, the difference in the 

resistances of the two spin channels is proportionally large. The latter point is essential for 

efficient spin injection.  

Most discussions on spin injection stop at this point, but here we are going to go a step 

further. We are going to try to describe the properties of a tunnel contact. In a tunnel junction, 

the tunnel current for each spin band is described by
43,44

  

 𝐽↑↓ ≈ 𝑇↑↓ ∫ 𝐷1
↑↓(𝐸)𝑓1(𝐸 − 𝑒𝑉)𝐷2

↑↓(𝐸)[1 − 𝑓2(𝐸)] 𝑑𝐸.       (2.20) 

Here, 𝑇 is the tunneling probability (which depends on the barrier thickness), 𝐷1 is the 

density of states in the left of the junction (in our case the FM), 𝐷2 is the density of states in 
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the right of the junction (the SC), 𝑓1,2 is the Fermi-Dirac distribution, 𝐸 is just is the energy 

and 𝑒𝑉 is the electron charge times the applied voltage across the junction. The term inside 

the integral actually vanishes everywhere except around the CB edge of the SC 𝐸𝐶 by virtue 

of the 𝑓𝑆𝐶(𝐸 − 𝑒𝑉)𝐷𝑆𝐶(𝐸)  term. Also, the tunneling probability is usually the same for 

both spin bands, 𝑇↑ = 𝑇↓. This is true for most tunnel barriers except for certain spinel 

oxides like MgO.
45

 We can therefore express the tunnel current as 

𝐽↑↓ ≈ 𝑇 ∙ 𝐷𝑆𝐶(𝐸𝐶)↑↓ ∙ 𝑁𝐹𝑀
↑↓ ∙ 𝑒𝑉.    (2.21) 

Here, 𝐷𝑆𝐶(𝐸𝐶) is the effective density of states at the CB edge of the SC, 𝑁𝐹𝑀 is the density 

conducting electrons in the FM. Note that we can express 𝑁𝐹𝑀
↑↓ in terms of the total carrier 

density of conducting electrons 𝑁𝐹𝑀 and the polarization 𝑃𝑛,𝐹𝑀. Also, the density of states 

in a conventional SC is the same for both spin bands, 𝐷𝑆𝐶
↑ = 𝐷𝑆𝐶

↓. Hence, the resistance 

(inverse of current) of each spin channel during tunneling is  

𝑅↑↓ ≈
2∙[𝑇∙𝐷𝑆𝐶∙𝑁𝐹𝑀∙𝑒]

1±𝑃𝑛,𝐹𝑀
=

2∙𝑅𝑡𝑢𝑛𝑛𝑒𝑙

1±𝑃𝑛,𝐹𝑀
.    (2.22) 

Here, the term inside the square brackets is just the total tunnel resistance. We can finally 

combine this expression with Eqs. (2.15) and (2.18) to get the following: 

𝐽𝑠 =
𝜎𝑆𝐶∙𝐽∙(𝑅↑−𝑅↓)

2∙𝜆𝑠,𝑆𝐶
= 𝐽 ∙ [

𝜎𝑆𝐶∙𝑅𝑡𝑢𝑛𝑛𝑒𝑙

𝜆𝑠,𝑆𝐶
∙ (

2𝑃𝑛,𝐹𝑀

1−𝑃𝑛,𝐹𝑀
2)].   (2.23) 

Here, we have derived a direct relation between the injected spin current 𝐽𝑠 and total driven 

current 𝐽 in tunnel contact. Note that 𝐽𝑠 is always less than 𝐽, otherwise the spin splitting 

∆𝑉 would be larger than the total applied voltage 𝑉, which is not possible. Therefore the 

term inside the square brackets is always less than 1.  

Although electrical spin injection was not really experimentally carried out in the present 

study, the concept allows us to understand electrical spin detection, which is an essential 

component in the present study. 

 

2.8 Electrical spin detection from semiconductors  

As with electrical spin injection, there is no direct way of detecting or detecting spins in a 

semiconductor. The spin splitting itself of spin-polarized carriers in a semiconductor cannot 

be experimentally measured. It can, however, be converted into a voltage (or more 

accurately a change in the voltage) that can be measured using a tunnel.
46

 Likewise, the spin 

current itself cannot be measured, but can be converted into an actual charge current (or 

change in the current) using a tunnel contact. 

Let us first consider what actually happens during the tunneling process in an illuminated 
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spin-PD. Shown in Fig. 2.10 is a diagram of the density of states of the tunneling contact in a 

spin-PD during spin detection. Spin detection is essential the reverse of spin injection. The 

equivalent of Eq. (2.20) in this case is  

𝐽↑↓ ≈ 𝑇 ∫ 𝐷𝑆𝐶(𝐸)𝐷𝐹𝑀
↑↓(𝐸)𝑓𝑆𝐶(𝐸 − 𝐸↑↓

𝐹,𝑛)[1 − 𝑓𝐹𝑀(𝐸)] 𝑑𝐸.  (2.24) 

Here, we assume that the tunneling probability 𝑇 is the same for the two spin bands. In this 

case, the driving voltage is due to the photovoltaic effect, which is related to the quasi-Fermi 

levels in the SC, 𝑉↑↓ = (𝐸↑↓
𝐹,𝑛 − 𝐸𝐹)/𝑒. Compared to Eq. (2.20), where the energy in the 

FM was higher than the SC, here the energy at the SC is higher by virtue of the quasi-Fermi 

levels 𝐸↑↓
𝐹,𝑛 . Again, the term inside integral vanishes everywhere due to the 𝑓𝑆𝐶(𝐸 −

𝐸↑↓
𝐹,𝑛)𝐷𝑆𝐶(𝐸)  term, except at the vicinity of the CB edge 𝐸𝐶. Therefore, Eq. (2.24) can be 

written as  

𝐽↑↓ ≈ 𝑇 ∙ 𝐷𝐹𝑀(𝐸𝐶)↑↓ ∙ ∆𝑛↑↓.    (2.25) 

Here, ∆𝑛↑↓ ≈ ∫ 𝐷𝑆𝐶(𝐸)𝑓𝐹𝐷(𝐸 − 𝐸↑↓
𝐹,𝑛) 𝑑𝐸  is simply the non-equilibrium carrier 

concentration in the SC for each spin band. The corresponding resistance for each spin-band 

is therefore 

𝑅↑↓ ≈
𝑅𝑡𝑢𝑛𝑛𝑒𝑙

𝐷𝐹𝑀
↑↓∙∆𝑛↑↓

.     (2.26) 

Here, 𝑅𝑡𝑢𝑛𝑛𝑒𝑙 is some average tunnel resistance. Now, let us assume that majority spin band 

for both the FM and SC is the spin-up band. Let us call this configuration as the parallel (P) 

case, since the majority spin band on both sides of the tunnel barrier are parallel to each other. 

The equivalent tunnel resistance can be written as  

𝑅𝑃 = (
1

𝑅↑ +
1

𝑅↓)
−1 = 𝑅𝑡𝑢𝑛𝑛𝑒𝑙(

1

𝐷𝑚𝑎𝑗∙∆𝑛𝑚𝑎𝑗
+

1

𝐷𝑚𝑖𝑛∙∆𝑛𝑚𝑖𝑛
)−1.   (2.27) 

Here, 𝑅𝑃 is the equivalent resistance for the parallel case, and the subscripts 𝑚𝑎𝑗 and 𝑚𝑖𝑛 

represent the majority and minority spin bands, respectively. Suppose now, we reverse the 

direction of the magnetization of the FM. (Likewise, we can also switch the helicity of the 

CPL illumination in the spin-PD). This time, the majority band in the FM is anti-parallel to 

the majority band in the SC. Let us call this the anti-parallel (AP) case. The equivalent tunnel 

resistance becomes  

𝑅𝐴𝑃 = 𝑅𝑡𝑢𝑛𝑛𝑒𝑙(
1

𝐷𝑚𝑎𝑗∙∆𝑛𝑚𝑖𝑛
+

1

𝐷𝑚𝑖𝑛∙∆𝑛𝑚𝑎𝑗
)−1.   (2.28) 

Here, 𝑅𝐴𝑃  is the equivalent resistance for the anti-parallel case. What we are actually 

interested in the tunnel magnetoresistance (TMR) ratio /𝑅. It can be shown that the TMR 

ratio is  
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∆𝑅

𝑅
=

𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
=

2𝑃𝐹𝑀𝑃𝑆𝐶

1−𝑃𝐹𝑀𝑃𝑆𝐶
.    (2.29) 

Here, 𝑃𝐹𝑀 is the spin polarization in the FM defined in terms of the density of states, and 

𝑃𝑆𝐶  is the spin polarization in the SC defined in terms of the carrier densities. 

𝑃𝐹𝑀 =
𝐷𝑚𝑎𝑗−𝐷𝑚𝑖𝑛

𝐷𝑚𝑎𝑗+𝐷𝑚𝑖𝑛
.     (2.30) 

𝑃𝑆𝐶 =
∆𝑛𝑚𝑎𝑗−∆𝑛𝑚𝑖𝑛

∆𝑛𝑚𝑎𝑗+∆𝑛𝑚𝑖𝑛
.     (2.31) 

We immediately recognize the similarity of Eqs. (2.29) to (2.30) to the Julliere model.
47

 The 

Julliere TMR model is used to describe the tunneling between two ferromagnets. Here, we 

have derived an equivalent expression in the case of spin detection using a FM-based tunnel 

contact in a spin-PD (incidentally the form is similar to that of the Julliere model). 

 

 

Figure 2.10 Schematic diagram of the density of states at the tunnel contact in a 

spin-PD. 

Note that in the present study, since there is an electric field in the depletion region at the 

semiconductor side of the tunnel barrier (i.e. 𝐽 = 𝜇𝐸∆𝑛), Eq. (2.31) can also be defined in 

terms of the currents: 𝑃𝑆𝐶 = 𝑃𝐽 =
𝐽𝑚𝑎𝑗−𝐽𝑚𝑖𝑛

𝐽𝑚𝑎𝑗+𝐽𝑚𝑖𝑛
. 

 

 

Figure 2.11 Power curve of a spin-PD plotted along the load line of the tunnel contact. 

The photocurrent is the intersection of the power curve and load line. 

Now that we have shown that by using a tunnel contact, the spin current manifests itself 
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through a change in resistance, we can easily calculate for the corresponding change in 

photocurrent using the load line model.
32

 An illuminated photodiode essentially acts like a 

power source. Shown in Fig. 2.11 is a schematic of the power curve of a spin-PD. The power 

curve is essentially the inverted I-V curve of the device (blue). Due to the high resistance of 

the tunnel contact, it effectively acts as a load to the spin-PD. A load in the power curve is 

represented as a straight line with a slope 1/𝑅𝑙𝑜𝑎𝑑 (red). The resulting current (photocurrent 

in this case) is the intersection between the power curve and the load line. In case of a 

spin-PD, the photocurrent is spin-polarized. In the parallel case, the equivalent load 

resistance would be smaller (higher slope of the load line). This leads the intersection to 

move to a higher current. Conversely, in the anti-parallel case, the equivalent load resistance 

would be bigger (lower slope of the load line). This leads the intersection to move to a lower 

current. The difference in the photocurrents for the parallel and anti-parallel case is therefore  

∆𝐼 ≈
𝑉

𝑅2 ∆𝑅 = 𝐼𝑝ℎ
∆𝑅

𝑅
.     (2.32) 

Here, 𝑅 = (𝑅𝐴𝑃 + 𝑅𝑃)/2 is the average resistance. We have also assumed that the voltage 

remains approximately constant when we change the load resistance. Now we have finally 

derived an expression for the change in the photocurrent due to spin transport. Note that, 

since ∆𝐼 in Eq. (2.32) corresponds to the difference in the photocurrent between the parallel 

and anti-parallel cases, it is equivalent to the change in the photocurrent due to a helicity 

switching in the illuminated CPL. So that ∆𝐼 is also the helicity-dependent photocurrent. 

As a final note, in Eq. (2.32) we assumed that the tunnel contact resistance dominates the 

total resistance. In the experiments in Ch. 5 and 6, however, an external load resistor is used 

to measure the photocurrent. In this case, the resistance of the external load has to be 

accounted for when computing for the spin-polarization. 

This finally completes the theoretical description of the spin-PD. 
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3. Experimental techniques  

3.1 Molecular beam epitaxy  

Molecular beam epitaxy (MBE) is one of the most widely used techniques in the epitaxial 

growth of semiconductor wafers.
1-5

 All wafers used in the current study were grown using a 

Riber MBE system. Here, the spin-PD wafers are mostly composed of GaAs with a thin 

(insulating) capping layer of AlOx. Wafers used in Ch. 6 also have InGaAs layers grown on 

the GaAs layers. All the wafers were capped with 1-nm crystalline γ-like AlOx,
6
 which was 

used as the tunnel barrier for spin detection. 

Shown in Fig 3.1 is a schematic diagram of an MBE chamber. The substrate (wafer) is 

mounted on a Mo block using In metal. The temperature of the substrate is controlled using a 

substrate heater. A pyrometer has been used to measure the surface temperature of the wafers. 

Source materials placed in effusion cells are evaporated forming molecular beams that are 

directed to the wafer. In the present study, only 5 effusion cells have been used: Ga, As, In, 

Be, and Al. The MBE system is also equipped with Sn cell, but this was not used. During 

growth, the chamber is kept at ultra-high vacuum at around 10
10

 Torr. The MBE chamber is 

also equipped with a reflection high-energy electron diffraction (RHEED) system, which 

allows us to assess the crystal quality of the surface of the wafer. 

All the wafers were grown on p-GaAs substrates. Before the growth of each wafer, the 

p-GaAs substrates were thermally cleaned at 600 °C for about 10 to 20 mins. The growth 

starts with a p-GaAs buffer layer, grown at 580 °C, of at least 250 nm. The GaAs growth rate 
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was maintained at 1 μm per hour. Other specific details about the wafers used in the study 

will be discussed in Ch. 5 and 6. 

 

 

Figure 3.1 Schematic diagram of an MBE chamber during crystal growth.  

After the growth of the semiconductor layers, an insulating AlOx cap layer is also grown 

for each wafer. Details of the growth process have been reported in Ref. 6. The wafers are 

first cooled down to room temperature (at this point the thermocouple reading in the 

substrate heater usually reads 80 °C). In addition, the As cell also has to be cooled to about 

30 °C in order to lower the As pressure in the chamber. Once these conditions have been met, 

a 0.55 nm epitaxial Al layer (epi-Al) is grown on the wafers. This is referred to as the 1
st
 

epi-Al step. The wafers are then moved to loading chamber of the MBE system for oxidation. 

The oxidation is carried out by exposing the wafers with epi-Al to dry air at atmospheric 

pressure for at least 10 hours. This results in the formation of a 0.7-nm AlOx film. This is 

referred to as the 1
st
 oxidation step. The wafers are then moved back into the growth chamber 

and a 0.23 nm epi-Al is grown on top of the AlOx. This is the 2
nd

 epi-Al step. After this, the 

wafers are again moved back into the loading chamber for another 10 hours of dry air 

oxidation at atmospheric pressure. The final result is a 1-nm AlOx layer. This layer has been 

used as the tunnel barrier for our tunnel contacts. 

 

3.2 Device fabrication  

Spin-PDs in Ch.5 require little device fabrication. Spin-PD chips are simply formed (after 

a single metallization step) by cleaving. On the other hand, spin-PDs in Ch. 6 require a 
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(relatively) more complicated fabrication. Hence, we are going to focus the discussion on the 

spin-PDs in Ch. 6.  

 

 

Figure 3.2 Schematic diagram of the device fabrication process for the spin-PD in 

Chapter 6.  

Shown in Fig. 3.1 is the diagram of the fabrication process of the spin-PDs in Ch. 6. The 

MBE grown wafers are first cleaned using acetone and isopropyl alcohol [Fig. 3.1 (a)]. The 

480-μm top contact is then fabricated using standard photolithography.
7,8

 Using a Nikon 

mask aligner, pattern from a 480-μm stripe photomask is transferred to a film of Microposit 

S1805 photoresist [Fig. 3.1 (b)]. Before exposure, the spin-coated photoresist film was 

pre-baked at 115 °C resulting in thickness of about 0.5 μm. The wafer with patterned 

photoresist was then placed inside a ULVAC for metallization (physical vapor 

deposition).
9,10

 A 100-nm Fe layer followed by a 10-nm Ti layer was deposited by e-beam 

deposition. A 20-nm Au layer was then deposited by resistive evaporation [Fig. 3.1 (c)]. 

Excess metal was then lifted-off by removing the photoresist [Fig. 3.1 (d)]. For back contact, 

a 40-nm In layer was deposited at the backside of the sample (not shown). The wafer was 

then annealed at 230 °C for 1 hour at ambient N2 (also not shown). 
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In preparation for wet etching, a 520-μm photoresist stripe is pattern on top of the metal 

stripe [Fig. 3.1 (e)]. The photoresist stripe completely covered the metal stripe with a 20-μm 

margin in each side. Wet etching was used in order to fabricate the angled facet of the 

spin-PD. H2SO4-based etchants are commonly used for GaAs device fabrication.
11-13

 Here, a 

H2SO4:H2O2:H2O (1:8:1) etchant has been used.
14

 This etchant is known to form a unique 

undercut profile which is desired for our spin-PDs. During the wet etching, the beaker was 

gently stirred (shaken in a circular fashion) by hand. The direction of the stirring was 

reversed every minute to improve etching uniformity. The etching was carried out for a total 

of 30 minutes. Details of the fabricated device will be presented in Ch. 6.  

 

3.3 Helicity-resolved photocurrent measurement  

The main technique for characterization of spin-PDs is the helicity-resolved photocurrent 

measurement. A schematic of a typical setup used in the present study is shown in Fig. 3.3. A 

light beam from a light source (a laser in this case) is converted into CPL using a linear 

polarizer (LP) and a quarter-wave plate (QWP). After passing through the LP, the light 

becomes linearly polarized. The linearly polarized light, in turn, is converted into CPL after 

passing through the QWP. Furthermore, the helicity of the CPL can easily be switched by 

rotating the QWP (by 90°) by hand. Note that zero-order QWPs (such as the ones used here) 

have specific central wavelengths, so that care has to be taken in making sure that the QWP 

wavelength matches the wavelength of the light. Here, two distinct QWPs were used: a 800 

nm QWP has been used for the experiment in Ch. 5, while a 900 nm QWP has been used for 

the experiments in Ch. 6. 

 

 

Figure 3.3 Schematic diagram of the helicity-resolved photocurrent measurement 

setup.  

The CPL beam is then focused to the device under test (the spin-PDs) using a 

conventional lens. All measurements were carried out using lock-in technique by using a 
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mechanical chopper. Finally, the photocurrent was estimated by measuring the voltage 

drop across a load resistor connected in series with the spin-PD. The resistance of the load 

resistor was chosen to be equal to the total resistance of the spin-PD.  

In particular, the voltage drop across the load resistor was measured using a lock-in 

amplifier. The two ends of the resistor were connected to the input port of the lock-in 

amplifier. The chopper signal was used as the lock-in reference. Since the incident light 

beam was modulated using the mechanical chopper, only the time-averaged illuminated 

voltage is measured (dark current from DC bias is taken out of the measurement). A more 

detailed explanation of the lock-in technique will be presented in the proceeding section. 

From the lock-in output voltage, the photocurrent was estimated using the following 

relation 

𝐼𝑝ℎ =
𝑉𝑝ℎ

𝑅𝑡𝑜𝑡𝑎𝑙
=

𝑉𝑝ℎ

𝑅𝑙𝑜𝑎𝑑+𝑅𝑆𝑃𝐷
=

𝑉𝑝ℎ

2𝑅𝑆𝑃𝐷
=

𝑉𝑙𝑜𝑎𝑑

𝑅𝑙𝑜𝑎𝑑
.   (3.1) 

Here, 𝑉𝑝ℎ  is the total voltage produced by the spin-PD via the photovoltaic effect, 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑜𝑎𝑑 + 𝑅𝑆𝑃𝐷  is the total resistance, which is the sum of the resistance of the 

spin-PD 𝑅𝑆𝑃𝐷 and the resistance of the load resistor 𝑅𝑙𝑜𝑎𝑑, and 𝑉𝑙𝑜𝑎𝑑 is the voltage drop 

across the load resistor whose value was taken from the lock-in output. From Eq. (3.1) it is 

straightforward to see that, if we let the resistance of the spin-PD to be 𝑅𝑆𝑃𝐷 ∓ ∆𝑅/2 for 

𝜎± CPL illumination, the helicity-dependent photocurrent becomes 

∆𝐼 =
𝑉𝑝ℎ

2𝑅𝑆𝑃𝐷−∆𝑅/2
−

𝑉𝑝ℎ

2𝑅𝑆𝑃𝐷+∆𝑅/2
≈

𝑉

𝑅2 ∆𝑅 = 𝐼𝑝ℎ
∆𝑅

𝑅
,   (3.2) 

which is exactly the same as the expression in Eq. (2.32). 

A typical measurement run sequence involves switching the helicity several times (for 

instance: σ
+
 → σ


 → σ

+
 → σ


 → σ

+
). For each helicity, the photocurrent is measured for a 

time windows of more than 50 s. The average photocurrent value for each measurement 

window is recorded and is treated as one data point. The standard deviation for each window 

is also recorded and is treated as the error for that data point. Hence, in the example σ
+
 → σ


 

→ σ
+
 → σ


 → σ

+
, there would be 3 data points for σ

+
 photocurrent and 2 data points for σ


 

photocurrent. The helicity-dependent photocurrent ∆𝐼 for the run is therefore calculated as 

the difference of the (3 point) average σ
+
 photocurrent and (2 point) average σ


 photocurrent. 

The error in ∆𝐼 is estimated as the average error (of the 5 points). In addition, the average 

photocurrent 𝐼𝑝ℎ  for the run is calculated as the average of the averages of σ
+
 and σ


 

photocurrent (so that the difference in number of points for σ
+
 and σ


 does not influence 𝐼𝑝ℎ). 

It can be seen that the number of data points for σ
+
 (with 3 points) is more than that for σ
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(with only 2 points). This was actually chosen by design to avoid the influence of long term 

drift in the measured photocurrent. In the example σ
+
 → σ


 → σ

+
 → σ


 → σ

+
, notice how the 

order of the steps from the start to the half-way point of the sequence (i.e. σ
+
 → σ


 → σ

+
) is 

exactly the same as the steps from the half-way point to the end but in the reverse order (i.e. 

σ
+
 ← σ


 ← σ

+
). This is the characteristic of an odd run sequence. And one important 

property of an odd sequence is that long term drift can be averaged out. It can be seen that the 

first step (least affected by drift) is the same as the last step (most affected by drift). This 

combination of time averaging, error propagation, and run sequence engineering allows us 

to measure signals down to an accuracy of 0.2%, which would otherwise be too small to be 

observed directly. To give some context, lock-in amplification typically has an error of 

about 1%, the power output of a [optically pumped semiconductor (OPS)] laser can drift as 

much as 2%, while helicity-dependent photocurrent ∆𝐼  (which we are supposed to 

measure) can be as low as an order of 0.1% of the photocurrent. 

 

3.4 Lock-in Technique 

Lock-in amplification is a popular technique used in most optical and spectroscopic 

measurements.
15

 The technique involves the use of a reference signal (𝑉𝑅) to amplify a 

weak input signal (𝑉𝑖𝑛). The main technical requirement for lock-in amplification is that 

the input signal (the signal we want to amplify) needs to be modulated using some 

reference signal. In our case, we used a mechanical chopper to modulate the incident light 

at 400 Hz. We can therefore assume that the output photocurrent also carries some of the 

characteristics of the modulation. Note that there are other lock-in implementations and the 

input signal can be modulated using a variety of means.  

Recall that in our setup, we have estimated the photocurrent by measuring the voltage 

drop across a load resistor. Let the voltage of the load resistor be our input signal 𝑉𝑖𝑛. We 

can assume that the photocurrent carries same modulation (frequency) characteristics as 

the chopper signal plus some noise (of different frequencies, uncorrelated with the chopper 

signal). 

𝑉𝑖𝑛(𝑡) = 𝑉0(𝑡) + 𝑁(𝑡).     (3.3) 

Here, 𝑉0(𝑡) is the voltage due to the photocurrent (what we actually want to measure), 

𝑁(𝑡) is the noise signal. We know that 𝑉0(𝑡) possesses the frequency characteristics of 

the chopper signal. The chopper signal is actually a square wave and can be expressed as 

𝑉𝐶𝐻(𝑡) =
4

𝜋
∑

1

𝑛
sin (𝑛2𝜋𝑓𝑡)∞

𝑛=1,3,5… ≈
4

𝜋
sin (2𝜋𝑓𝑡).   (3.4) 
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Here, 𝑓 is the chopping frequency (400 Hz in our case), and we have decomposed the 

chopper signal to its frequency components. The largest component is the first and lowest 

frequency (the fundamental) term of the series. For simplicity let us only consider this 

frequency (for now). Since 𝑉0(𝑡) also possesses the same frequency characteristics, we 

can rewrite Eq. (3.3) as follows: 

𝑉𝑖𝑛(𝑡) = 𝑉0sin (2𝜋𝑓𝑡 + 𝜑𝑖𝑛) + 𝑁(𝑡).     (3.5) 

Here, 𝑉0 is just the amplitude of the input signal (a constant) and 𝜑𝑖𝑛 is the phase 

difference of the input signal with respect to the reference signal. The lock-in amplifier 

takes the input signal 𝑉𝑖𝑛(𝑡) and multiplies it by the reference signal 𝑉𝐶𝐻(𝑡).  

𝑉𝐶𝐻(𝑡) ∙ 𝑉𝑖𝑛(𝑡) = 𝑉0
4

𝜋
sin(2𝜋𝑓𝑡) sin(2𝜋𝑓𝑡 + 𝜑𝑖𝑛) +  

4

𝜋
sin(2𝜋𝑓𝑡) 𝑁(𝑡).  (3.6) 

Here, we can simplify the first term as follows 

𝑉0

4

𝜋
sin(2𝜋𝑓𝑡) sin(2𝜋𝑓𝑡 + 𝜑𝑖𝑛) =

1

2
𝑉0

4

𝜋
cos(2𝜋𝑓𝑡 − 2𝜋𝑓𝑡 − 𝜑𝑖𝑛) 

−
1

2
𝑉0

4

𝜋
cos(2𝜋𝑓𝑡 + 2𝜋𝑓𝑡 + 𝜑𝑖𝑛).  (3.7) 

Here, in the right-hand-side, the first term is actually a constant (DC) because of the 

2𝜋𝑓𝑡 − 2𝜋𝑓𝑡 term, while the second term possesses twice the frequency. Using a low-pass 

filter, we can remove the second term and only get the first term. So that the final lock-in 

output can be expressed as  

𝑉𝑜𝑢𝑡 =
1

2
𝑉0

4

𝜋
cos(𝜑𝑖𝑛).    (3.8) 

From here, it is clear that if the phase difference 𝜑𝑖𝑛  is known, the input voltage 

amplitude 𝑉0 can easily be obtained. In an actual lock-in amplifier, 𝜑𝑖𝑛 is measured by 

adding a phase to the reference signal, 𝜑𝑟𝑒𝑓. By scanning 𝜑𝑟𝑒𝑓, a maximum 𝑉𝑜𝑢𝑡 can be 

obtained when 𝜑𝑟𝑒𝑓 − 𝜑𝑖𝑛 = 0 . This way both 𝑉0  and 𝜑𝑖𝑛  can be obtained 

unambiguously. 

We note here that, had the input signal not possess the same frequency as the reference 

(2𝜋𝑓𝑖𝑛𝑡 − 2𝜋𝑓𝐶𝐻𝑡 ≠ 0), there would be no DC component and the low-pass filter would 

remove the entire signal. This has two important implications: (1) any part (or component) 

of the input signal that does not possess the same frequency as the reference signal is 

filtered out by the low-pass filter; and (2) if the reference signal has multiple component 

frequencies, the components of the input signal with the same frequencies would each be 

amplified. The first point clearly implies that the noise term in Eq. (3.6) would mostly be 

removed. The second point, on the other hand, implies that if the reference signal is say a 

square wave, the square wave components of the input signal would be amplified. 
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4. Simulation of spin-photodiodes 

4.1 General approach in simulation of spin-photodiodes   

In terms of modeling and simulating spin-PDs, there is yet no consensus on a standard 

approach. Two recent works with proposed spin-PD models are Refs. 1 and 2. The former 

proposed a simple spin transport model in the semiconductor part of the spin PD by 

considering the transport geometry, but ultimately did not account for the spin dependent 

tunneling. Consequently, their approach resulted to a spin dependent tunnel current that 

appears to be independent of the magnetic property of the ferromagnetic tunnel contact. On 

the other hand, the latter proposed a more sophisticated (and complicated) theoretical model 

that considered both spin transport in the semiconductor part, as well as spin-dependent 

tunneling. Consequently, this resulted in a spin transport solution in the semiconductor that 

is strongly coupled with the tunneling transport, which leads to the following difficulties: (1) 

in order to determine the spin transport solution in the semiconductor, extensive information 

about the tunnel barrier and ferromagnetic contact is required; and (2) in the case of a 

different spin-PD geometry (such as those for the spin-PDs in the present work), the spin 

transport solutions become increasingly complex. In another earlier work,
3
 the 

spin-polarized carrier transport in a p-n spin-PD was modelled using drift-diffusion 

equations, but as with Ref. 1, the model failed to take into account how the spins will 

ultimately be transported through the contacts. This means that, so far, models tend to either 

too simplistic or excessively complicated.  
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Figure 4.1 Diagram of a spin photodiode and a summary of proposed models. (a) A 

simple model using photogeneration and transport distance, but assumes an ideal 

contact. (b) An elaborate theoretical model that simultaneously solves the 

spin-polarized carrier transport and the tunneling effect. (c) A drift-diffusion model that 

only considers the transport inside the semiconductor (device contacts were not 

considered). (d) The proposed model in this work: a modular model that combines 

transport in the semiconductor and tunneling. 

Shown in Fig. 4.1 is a schematic diagram of the relevant parts of a spin-PD, along with a 

summary of the scopes of proposed models so far. In the present work, we have taken the 

middle ground. Instead of tackling the problem in one go (simultaneously trying to solve for 

both the spin-transport in the semiconductor and the spin-dependent tunneling), we divide 

the problem into two independent parts: (1) we first evaluate the charge and spin transport in 

the semiconductor (similar to what Refs. 1 and 3 have proposed), either by using 

drift-diffusion equations or by considering the transport geometry; and (2) we evaluate the 

spin dependent tunneling by using a modified Julliere model (discussed in the last section of 

Ch. 2). Combined together, these lead to a modular version of the model proposed in Ref. 2, 

as shown in Fig. 4.1 (d). This treatment allows for the two parts to be independently 
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evaluated, which not only allows for greater flexibility but also leads to simpler overall 

calculations. Note that the first part of our approach can be further broken down into two 

components: (1) photogeneration of spin-polarized carriers, and (2) spin-polarized carrier 

transport. So that in all, the model involves 3 components. 

In the present work, two approached have been used in the calculation of the 

spin-polarized carrier transport. In Ch. 5, the drift-diffusion equations
4,5 

have been used to 

model the spin-polarized carrier transport. The main advantage of this approach is that, due 

to the sophistication of the model, additional conditions can easily be integrated into the 

model without affecting other parts of the model. The main disadvantage, however, is that in 

order accurately describe a system, a very detailed knowledge of the boundary conditions is 

required. This is simple enough for some geometries but can be quite difficult for others. In 

Ch. 6, on the other hand, a simple mathematical model,
1
 wherein only the photogeneration 

profile and the associated transport lengths are considered. The main advantage of this 

approach is the simplicity of the model that makes it much easier to implement than the 

drift-diffusion equations. It is also easy to show that (for certain geometries) the results of 

this approach are equivalent to those of the drift-diffusion equations. The main disadvantage, 

however, is the difficulty of introducing addition conditions. Additional conditions can still 

be introduced, but the model quickly becomes more and more complex as more conditions 

are introduced. These will be discussed in more detail in the proceeding sections. 

4.2 Photogeneration of spin-polarized carriers  

The process of optically introducing spins in a semiconductor by CPL illumination is 

referred optical spin injection
6
 or optical spin orientation,

7
 and is accomplished by 

photogenerating spin-polarized carriers in the semiconductor. There are two relevant 

generation rates:
3
 the photogeneration rate of carriers 𝐺 (in units of number of carriers per 

unit volume per unit time) and the photogeneration rate of carriers of spins 𝐺𝑠 (in units of 

number of spins per unit volume per unit time). These are described by  

𝐺 =  𝜂 ∙ 𝛷 ≈ 𝛼 ∙ 𝛷,     (4.1) 

𝐺𝑠 =  𝜂𝑠 ∙ 𝛷 ≈ 𝐶 ∙ 𝑃𝑐 ∙ 𝛼 ∙ 𝛷.    (4.2) 

Here, 𝜂 is the effective quantum efficiency
1
 for carriers,  𝜂𝑠 the effective quantum 

efficiency
1
 for spins, 𝛼 is the absorption coefficient in units of cm

-1
, 𝛷 is the photon flux, 

𝐶 is a constant that is determined by the optical selection rules (generally |𝐶| ≤ 1), and 

𝑃𝑐 is the degree of circular polarization [defined in Eq. (2.1)]. Furthermore, if we assume 

only band-to-band transitions (ignore other transitions such as free carrier absorption), then 

𝜂 ≈ 𝛼 (i.e. all absorbed photons generated an electron-hole pair).  
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In terms of individual spin bands, 𝜂 = 𝜂↑ + 𝜂↓ and  𝜂𝑠 = 𝜂↑ − 𝜂↓, where 𝜂↑(↓) is the 

effective quantum efficiency for the spin-up (spin-down) band. Hence, it follows that 

𝐺 = 𝐺↑ + 𝐺↓  and 𝐺𝑠 = 𝐺↑ − 𝐺↓ . In the usual convention, the total 𝐺  for carriers is 

always the sum of those of the individual spin band (𝐺↑ and 𝐺↓), and the 𝐺𝑠 for spins is 

always difference between those of the individual spin bands. Here, 𝐺↑(↓) = 𝜂↑(↓) ∙ 𝛷 ≈

[1±𝐶∙𝑃𝑐]

2
∙ 𝛼 ∙ 𝛷, for which the + (−) is taken for ↑ (↓). Furthermore, we can also express 

𝐺↑(↓) in terms of the 𝜎+ and 𝜎− components of 𝛷 as follows  

𝐺↑(↓) =
[1±𝐶]

2
∙ 𝛼 ∙ 𝛷+ +

[1∓𝐶]

2
∙ 𝛼 ∙ 𝛷−.   (4.3) 

Here, the + (−) is taken for ↑ (↓) is taken for the first term, while − (+) is taken for ↑ 

(↓) for the second term. This means that when 𝐶 < 1, 𝐺↑(↓) has contributions from both 

𝜎+ and 𝜎− illumination. When  𝐶 = 1, however, 𝐺↑(↓) only has contributions from 

𝜎+(−) illumination.  

It is also worth noting that taking the ratio of Eq. (4.2) to Eq. (4.1) leads us to the 

following  

𝑃𝐺 =
𝐺𝑠

𝐺⁄ = 𝐶 ∙ 𝑃𝑐.    (4.4) 

Here, 𝑃𝐺  is the polarization of the generation rate, which is also the initial 

spin-polarization of photogenerated carriers. From Eq. (4.4) it can be seen that for optical 

spin injection, the highest possible initial spin-polarization photogenerated carriers is 𝑃𝐺  = 

1 (when 𝐶 = 1). Therefore, it not possible to generate pure spins (spins without charges). 

In addition, the maximum value of 𝑃𝐺  is limited by the value of 𝐶 (since |𝑃𝑐| ≤ 1), and 

since in a spin-PD, photogenerated spin-polarized carriers are ultimately collected as 

photocurrent, the spin-polarization of the photocurrent 𝑃𝐽 is also limited to the value of 𝐶. 

For the spin-PDs in the present study for instance, bulk GaAs and InGaAs have been used 

as the active layers, for which 𝐶 = 0.5.
8,9

 So that 𝑃𝐺 = 0.5 ∙ 𝑃𝑐. The means that the initial 

spin-polarization of photogenerated carriers is half the circular polarization of the incident 

light. Hence, the spin-polarization of the photocurrent is also limited to half the total 

photocurrent at best (i.e. 𝑃𝐽 ≤ 0.5). Note that all of these are consistent with the optical 

selection rules.
10

 

As a final note, there are certain material systems where 𝐶 takes on values other than 

0.5. For example, for a quantum well (QW) or quantum dot (QD), owing to the splitting of 

the light hold and heavy hole energy bands due to confinement and possibly strain effects, 

𝐶 = 1,
11,12

 whereas for wurtzite GaN, owing to the weak spin-orbit splitting in the valence 
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band, 𝐶 = 0.33.
13

 In theory, it is desirable to have a high 𝐶 (to get a high 𝑃𝐺), so that a 

QW or QD system seem like the best choice, but in practice, the impact of spin-transport to 

the spin-PD performance tends to be larger than effect of 𝐶, and QW (and specially QD) 

active layers tend to be poor absorbers due to their small physical dimensions, hence are 

not well suited for spin-PDs.   

 

4.3 Transport of charge and spins  

After photogeneration, spin-polarized carriers are transported and collected at the tunnel 

contact. Therefore, we need a model that would describe the transport process. In the present 

study, two methods have been used: one is the drift-diffusion model,
4,5

 and the other is a 

model that simply considers the photogeneration profile and the transport distance
1
 (the 

concept of this model closely resembles the so called collection probability in a solar 

cells).
14-19

 The former is the more traditional and well-known choice. It is flexible 

(additional boundary conditions can easily be added), but finding solutions can become 

difficult. On the other hand, the latter is the simpler and faster choice. It is straight-forward 

and very easy to implement. The downside is that it is not as flexible. Here, it will be 

demonstrated that both methods are essentially equivalent to each other. For this, we will 

consider two GaAs-based Schottky diode spin-PD systems: one is a vertical-type spin-PD 

[Fig. 4.2 (a)], and the other is a cleaved-edge lateral-type spin-PD [Fig. 4.2 (b)]. For 

simplicity, we chose the same structure for the two spin-PDs that involves a generic top 

tunnel contact and a p-GaAs active region. There is a Schottky depletion region at the top of 

the GaAs just below the tunnel contact with an electric field directed toward the z-direction 

(downward in Fig. 4.2). In addition, we assume that the intensity in the illuminated area is 

constant. The illuminated area for both cases is a circle with a diameter of 400 μm. 

Furthermore, inside the GaAs we assume that the light only propagates along the one 

direction: only along the z-direction for the vertical case and only along the x-direction for 

the lateral case. Strictly speaking the top contact for the vertical-type spin-PD should be 

magnetized out of the plane to work, whereas that of the lateral-type spin-PD should be 

magnetized in the plane. For now, we ignore these issues and focus on the spin-polarized 

transport in the semiconductor. 

Let us start with the vertical-type spin-PD shown in Fig. 4.2 (a). Incident CPL hits the top 

ferromagnetic metal (FM) layer and is partially transmitted into the GaAs part of the 

spin-PD. Transmitted photon are then absorbed and spin-polarized carriers are 

photogenerated in the GaAs. The photon flux profile inside the GaAs is an exponential decay 
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and is described by 

𝛷(𝑧) = 𝑇 ∙ 𝛷0 ∙ exp (−𝛼𝑧).    (4.5) 

Here, 𝛷0 is the initial photon flux (in units of number of photons per unit area per unit 

time), 𝑇 is the transmittance of the top tunnel contact, and 𝛼 is the absorption coefficient 

(just above the band gap, 𝛼 is about 10
4
 cm

1
 for GaAs).

20
 The main disadvantage of 

vertical-type spin-PDs is the rather low transmittance 𝑇 of the top tunnel contact. For a 

10-nm Fe contact, for example, 𝑇 is about 10%.
21

 

 

 

Figure 4.2 Schematic diagrams of (a) a vertical-type GaAs spin-PD and (b) a 

cleaved-edge lateral-type GaAs spin-PD. 

Here, we take 𝑧 = 0 as the top edge of the GaAs. We can then use Eqs. (4.1) and (4.2) to get 

the spatial profile of the photogeneration rates as follows: 

𝐺(𝑧) = 𝛼 ∙ 𝑇 ∙ 𝛷0 ∙ exp(−𝛼𝑧) = 𝐺0 exp(−𝛼𝑧),   (4.6) 

𝐺𝑠(𝑧) = 0.5 ∙ 𝑃𝑐 ∙ 𝛼 ∙ 𝑇 ∙ 𝛷0 ∙ exp(−𝛼𝑧) = 𝐺𝑠,0 exp(−𝛼𝑧).   (4.7) 

Here, we have gathered the constants into coefficients of the exponential profile, 𝐺0 and 

𝐺𝑠,0. Now, what we want to find out is how much photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 

do we expect to collect at the top contact for a given 𝛷0. In addition, from here let us 

consider the case 𝑃𝑐 = 1, which corresponds to 𝜎+ CPL. 

Let us first try to use the drift-diffusion model. The drift-diffusion equation for charge and 

spins is described by the following:  

𝜕∆𝑛

𝜕𝑡
= 𝐷𝛻2∆𝑛 + 𝜇𝐸𝛻∆𝑛 −

∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺(𝑧),    (4.8) 

𝜕∆𝑠

𝜕𝑡
= 𝐷𝛻2∆𝑠 + 𝜇𝐸𝛻∆𝑠 −

∆𝑠

𝜏𝑠
+ 𝐺𝑠(𝑧).    (4.9) 

Here, ∆𝑛 and ∆𝑠 are the non-equilibrium electron and spin densities at the conduction band, 
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respectively, 𝐷 is the diffusion coefficient, 𝜇 is the electron mobility, 𝐸 is the electric field,  

𝜏𝑟𝑒𝑐 is the electron lifetime, and 𝜏𝑠 is the spin lifetime. The terms in the left side are the 

total change in ∆𝑛 and ∆𝑠, while on the right side, the first terms account for diffusion, the 

second terms account for drift, the third terms account for lifetimes, and the last terms 

account for photogeneration. From the geometry [Fig. 4.2 (a)], it can be seen that the only 

relevant transport direction is along the z-axis. Sure, there is diffusion in the lateral directions 

(x- and y-directions) as well, but carriers that laterally diffuse also need to diffuse in the 

z-axis and be collected anyway. The net effect is that the area occupied by carriers would 

increase, but the total number of carriers would be the same as if there was no lateral 

diffusion. So, for simplicity we only consider a 1-dimensional (1-D) diffusion problem. 

Furthermore, since the depletion region has a width in the order of only 30 to 40 nm 

(compared to the diffusion length of about 21 μm), we can ignore the contribution of 

spin-polarized carriers that are photogenerated inside the depletion region. They typically 

contribute less than 1% of the total photocurrent (We can still include them later). This 

simplifies the problem further by allowing us to only solve for the region where there is no 

electric field (outside the depletion region). Instead, we account for the effect of the built-in 

electric field as the following boundary conditions at z = 0: 𝐽 = −𝑒 ∙ 𝜕∆𝑛/𝜕𝑧 = −𝑒 ∙ 𝜇𝐸 ∙

∆𝑛(𝑧 = 0)/𝐷, and 𝐽𝑠 = −𝑒 ∙ 𝜕∆𝑠/𝜕𝑧 = −𝑒 ∙ 𝜇𝐸 ∙ ∆𝑠(𝑧 = 0)/𝐷. These conditions assure 

the continuity of the current density 𝐽 and 𝐽𝑠 as we cross the depletion region at z = 0. Thus, 

Eqs. (4.8) and (4.9) are transformed into the following: 

0 = 𝐷
𝜕2∆𝑛

𝜕𝑧2 −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺0 ∙ exp (−𝛼𝑧),   (4.8) 

0 = 𝐷
𝜕2∆𝑠

𝜕𝑧2
−

∆𝑠

𝜏𝑠
+ 𝐺𝑠,0 ∙ exp (−𝛼𝑧).   (4.9) 

Here, we are interested in the steady-state solutions so we have set the time derivative term 

to 0, and we have converted the Laplacian into a 1-D double partial derivative. We can solve 

Eqs. (4.8) and (4.9) numerically, but the analytical form of the solution is actually 

known.
22-24

 The solutions are  

∆𝑛(𝑧) = (
𝐺0𝜏𝑟𝑒𝑐

1−𝛼2𝜆𝑛
2 

) [exp(−𝛼𝑧) − (
𝛼+

𝜇𝐸

𝐷
1

𝜆𝑛
+

𝜇𝐸

𝐷

)exp (−𝑧/𝜆𝑛)],   (4.10) 

∆𝑠(𝑧) = (
𝐺𝑠,0𝜏𝑠

1−𝛼2𝜆𝑠
2 

) [exp(−𝛼𝑧) − (
𝛼+

𝜇𝐸

𝐷
1

𝜆𝑠
+

𝜇𝐸

𝐷

)exp (−𝑧/𝜆𝑠)].   (4.11) 

Here, 𝜆𝑛 = √𝐷𝜏𝑟𝑒𝑐 is the electron diffusion length, while 𝜆𝑠 = √𝐷𝜏𝑠 is the spin diffusion 

length. For p-GaAs, 𝜆𝑛 is about 21 μm, while 𝜆𝑠 is about 1.3μm.
25

 Shown in Fig. 4.3 are 

the ∆𝑛 and ∆𝑠 profiles for a typical p-GaAs spin-PD. 



R. C. I. Roca, A study on lateral-type spin-photodiodes… (August 2017) 

60 

 

 

 

Figure 4.3 Profiles of (a) ∆𝑛 and (b) ∆𝑠 as functions of z. Inset of (b): rescaled 

(zoomed in) plot of ∆𝑠. Parameters used are 𝛷0 = 3.4×10
19

 cm
2

s
1

, 𝐴 = 1.26×10
-3

 

cm
2
, 𝐷 = 62 cm

2
/s, 𝛼 = 10

4
 cm

1
,
20

 𝑇 = 0.1,
21

 𝐸  = 2.1×10
5
 V/cm, 𝜇 = 2400 

cm
2
V

1
s
1

,
26

 𝜏𝑟𝑒𝑐 = 7.15×10
8

 s,
25

 𝜏𝑠 = 2.33×10
10

 s.
27

  

From the slopes of the profiles, we can immediately guess the direction of the flow of 

charges 𝐽𝑒,𝑝ℎ and spins 𝐽𝑒,𝑠. Note that due to the negative charge of the electron, the actual 

photocurrent density 𝐽 = −𝑒 ∙ 𝐽𝑒,𝑝ℎ  and spin-photocurrent density 𝐽𝑠 = −𝑒 ∙ 𝐽𝑒,𝑠  are 

directed opposite the flows. One of the main advantages of solving the drift-diffusion 

equations is that we able to see the actual carrier and spin distributions. To compute for the 

total photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠, all we need to do is to evaluate the current 

densities 𝐽𝑝ℎ and 𝐽𝑠 at z = 0 and multiply the result by the illuminated area.  

𝐼𝑝ℎ = 𝐴 ∙ 𝐽 = −𝑒 ∙ 𝐴 ∙ 𝐷 ∙
𝜕∆𝑛

𝜕𝑧
|

𝑧=0
= −𝑒 ∙ 𝐴 ∙ 𝐷 ∙ (

𝐺0𝜏𝑟𝑒𝑐

1−𝛼2𝜆𝑛
2 

) [−𝛼 + (
𝛼+

𝜇𝐸

𝐷
1

𝜆𝑛
+

𝜇𝐸

𝐷

)
1

𝜆𝑛
],   (4.12) 

𝐼𝑠 = 𝐴 ∙ 𝐽𝑠 = −𝑒 ∙ 𝐴 ∙ 𝐷 ∙
𝜕∆𝑠

𝜕𝑧
|

𝑧=0
= −𝑒 ∙ 𝐴 ∙ 𝐷 ∙ (

𝐺𝑠,0𝜏𝑠

1−𝛼2𝜆𝑠
2 

) [−𝛼 + (
𝛼+

𝜇𝐸

𝐷
1

𝜆𝑠
+

𝜇𝐸

𝐷

)
1

𝜆𝑠
].     (4.13) 

If 𝐽 has a spatial dependence in the x- and y-directions (which would have been the case had 

we considered the effect of lateral diffusion), we would need to integrate 𝐽  to get 

photocurrent, 𝐼𝑝ℎ = ∫ ∫ 𝐽 (𝑥, 𝑦, 𝑧 = 0) ∙ 𝑑𝑥 ∙ 𝑑𝑦. Here we simply assume that 𝐽 and 𝐽𝑠 are 

uniform. Evaluating the currents, we get 𝐼𝑝ℎ  0.66 mA and 𝐼𝑠  0.17 mA. It is also useful 

to compute the spin polarization of the current 𝑃𝐽 = 𝐼𝑠/𝐼𝑝ℎ. In this case, 𝑃𝐽 is about  25%. 

We will see later that this value is actually high. Note that the 𝑃𝐽 does not change with the 

incident power. In fact, 𝑃𝐽  only depends on a couple of factors: first, the circular 
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polarization of the incident light (recall that here we assumed 𝑃𝑐  = 1), and second, the 

geometry or configuration of the spin-PD (the illumination geometry as well as device 

configuration matters). 

Now let us try to solve the same problem using the collection probability approach.
14-19

 

Here, we use the same assumptions as before. We only consider the transport along the 

z-direction. We already know the photogeneration profiles from Eqs. (4.6) and (4.7). 

According to this approach, an electron that has been photogenerated at a given point z will 

be diffusively transported to z = 0, and the associated probability that the electron would 

make to z = 0 and be collected before recombining is exp (−𝑧/𝜆𝑛).
14

 For instance, let us 

consider an electron that was photogenerated close to z = 0 (such that 𝑧/𝜆𝑛 ≪ 1), the  

collection probability would be close to 100%. If, on the other hand, we consider an electron 

what was photogenerated deep inside the GaAs (such that 𝑧/𝜆𝑛 ≫ 1 ), the collection 

probability would be almost 0. So that qualitatively, the collection probability exp (−𝑧/𝜆𝑛) 

makes sense. For spins, the corresponding collection probability is exp (−𝑧/𝜆𝑛) ∙

exp (−𝑧/𝜆𝑠), because spins not only suffer from recombination but also spin relaxation. The 

spin relaxation factor exp (−𝑧/𝜆𝑠) dominates the collection probability for spins since 𝜆𝑠 

is typically shorter than 𝜆𝑛, so that we can ignore the exp (−𝑧/𝜆𝑛). 

Now, computing the photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 is straight forward. We 

know the number of electrons and spins being photogenerated at a point z is described by 

𝐺(𝑧) and 𝐺𝑠(𝑧), so that amount of electrons and spins (being photogenerated at a point z) 

that would contribute to the 𝐼𝑝ℎ  and 𝐼𝑠  has to be 𝐺(𝑧) ∙ exp (−𝑧/𝜆𝑛)  and 𝐺𝑠(𝑧) ∙

exp (−𝑧/𝜆𝑠). To get the total, all we need to do is sum up all the contributions from different 

positions along the z-axis. 

𝐼𝑝ℎ = 𝐴 ∙ 𝐽 = −𝑒𝐴 ∫ 𝐺(𝑧) exp (−
𝑧

𝜆𝑛
)

∞

0
𝑑𝑧 = −𝑒𝐴 (

𝐺0𝜆𝑛

𝛼𝜆𝑛+1
) = −𝑒𝐴 {𝑇 [

𝛼∙𝜆𝑛

𝛼𝜆𝑛+1
]} 𝛷0, (4.14) 

𝐼𝑠 = 𝐴 ∙ 𝐽𝑠 = −𝑒𝐴 ∫ 𝐺𝑠(𝑧)exp (−𝑧/𝜆𝑠)
∞

0
𝑑𝑧 = −𝑒𝐴 (

𝐺𝑠,0𝜆𝑠

𝛼𝜆𝑠+1
).      (4.15) 

We immediately see the simplicity of this approach. Note that authors of Ref. 1 went a step 

further by including a voltage dependent factor 𝑓 to the collection probability (probably to 

fit their experiment results).
1
 Here, we simple assume 𝑓 is 1. Evaluating 𝐼𝑝ℎ and 𝐼𝑠 using 

the same parameters we used earlier, we get 𝐼𝑝ℎ   0.65 mA and 𝐼𝑠   0.19 mA. The 

difference between these results from those we got from the drift-diffusion equation is in the 

order of 10%. This means that the predictions of the two methods are essentially the same.  

By definition, the external quantum efficiency (EQE) is 𝜂𝑒𝑥𝑡 = 𝐽/(𝑒 ∙ 𝛷0), and the 
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internal quantum efficiency (IQE) is 𝜂𝑖𝑛𝑡 = 𝐽/(𝑇 ∙ 𝑒 ∙ 𝛷0). We immediately recognize that 

the quantity inside the curly brackets in Eq. (4.14) is the EQE, while the quatity inside the 

square brackets is the IQE. In this case, the EQE is about 9.5%, while the IQE is about 95%. 

From the IQE we can tell that the collection efficiency inside the GaAs is quite high. The low 

EQE tells us that the problem lies in getting the photon inside the active layer. In this case the 

low  𝑇 of 10% significantly reduces the overall efficiency of the device. 

By directly dividing Eq. (4.15) with Eq. (4.14), we can express the spin-polarization of 

the current as follows  

𝑃𝐽 =
𝐼𝑠

𝐼𝑝ℎ
= 0.5 [

𝜆𝑠

𝜆𝑛
∙ (

𝛼𝜆𝑛+1

𝛼𝜆𝑠+1
)] = 0.5 ∙ 𝛾.       (4.16) 

Here, we can see that the factor 0.5 originally came from the optical selection rules, and the 

terms inside the square brackets can be gathered into a single term 𝛾. In addition, it seems as 

though 𝛾 is some kind of efficiency. We started with light of circular polarization 𝑃𝑐 = 1. 

Right after photogeneration the spin polarization was reduced by 0.5 owing to the selection 

rules. After transport, the spin polarization is further reduced by a factor 𝛾. So that the 

spin-polarization of the photocurrent can be expressed as 𝑃𝐽 = 0.5 ∙ 𝛾 ∙ 𝑃𝑐. In this case, 𝑃𝐽 is 

about 0.3, so that 𝛾 is about 0.6. Since 𝛾 depends on the configuration or geometry of the 

spin-PD, I will just simple refer to it as the geometrical spin transport factor, spin collection 

efficiency, or spin-transport efficiency. This demonstrates the advantage of using the 

collection probability method. The method is not only simple, but it also allows us to 

intuitively recognize which parameters determine the performance of the spin-PD. Here for 

instance, the factors 𝜆𝑠/𝜆𝑛  and 
𝛼𝜆𝑛+1

𝛼𝜆𝑠+1
 determine the value of 𝛾. The former is fixed at 0.06 

for p-GaAs, unfortunately. The latter, however, can be changed and 𝛾 can be improved by 

increasing 𝛼 (through changing the wavelength). 

Now let us move on to the lateral-type spin-PD [Fig. 4.2 (b)]. The spin-PD device 

structure is the same as before. This time the light is incident into the cleaved sidewall (x = 0) 

of the GaAs part of the spin-PD. The photon flux profile inside the GaAs is now described 

by:  

𝛷(𝑥) = 𝑇 ∙ 𝛷0 ∙ exp (−𝛼𝑥).    (4.17) 

Here, the exponential decay is along now along the x-axis, and 𝑇 is the transmittance of the 

cleaved sidewall. The transmittance of a GaAs/air interface is about 0.7.
28

 The 

corresponding generation rates are  

𝐺(𝑥) = 𝛼 ∙ 𝑇 ∙ 𝛷0 ∙ exp(−𝛼𝑥) = 𝐺0 exp(−𝛼𝑥),   (4.18) 

𝐺𝑠(𝑥) = 0.5 ∙ 𝑃𝑐 ∙ 𝛼 ∙ 𝑇 ∙ 𝛷0 ∙ exp(−𝛼𝑥) = 𝐺𝑠,0 exp(−𝛼𝑥).   (4.19) 
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In order to simplify our problem further, let us first assume that the cleaved sidewall at x = 0 

has been passivated, so that there is no surface recombination at x = 0. Strictly speaking, 

usually there are defects that act as recombination centers at the cleaved sidewall of GaAs.
29

 

For now let us ignore them (we will deal with them later). In addition, let us again ignore the 

lateral (y- and x-directions) diffusion. We can again argue that even though there is lateral 

diffusion, spin-polarized carriers that laterally diffuse also need to diffuse in the z-axis and 

be collected anyway. Lateral diffusion only changes the lateral area occupied by 

photogenerated carriers but the total number of carriers is the same as that if there was no 

lateral diffusion (We can include lateral diffusion but the results would be completely the 

same). Hence, the only relevant transport direction in determining the photocurrent is along 

the z-axis. 

This time let us first solve the problem using the collection probability method. In this 

case the current densities 𝐽 and 𝐽𝑠 are described by 

𝐽 = −𝑒 ∫ 𝐺(𝑥) ∙ exp(−𝑧/𝜆𝑛)
∞

0
𝑑𝑧 = −𝑒 ∙ 𝐺(𝑥) ∙ 𝜆𝑛,    (4.20) 

𝐽𝑠 = −𝑒 ∫ 𝐺𝑠(𝑥) ∙ exp (−𝑧/𝜆𝑠)
∞

0
𝑑𝑧 = −𝑒 ∙ 𝐺𝑠(𝑥) ∙ 𝜆𝑠.     (4.21) 

Here, the integration is still along the z-axis since the collection probability depends the 

distance along the z-direction. But 𝐺 and 𝐺𝑠 have no dependence on z. Hence, 𝐽 and 𝐽𝑠 

have an x dependence, owing to x-dependence of 𝐺(𝑥) and 𝐺𝑠(𝑥). The total photocurrent 

𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 are given by the following: 

𝐼𝑝ℎ = ∫ ∫ 𝐽(𝑥) 𝑑𝑥 ∙ 𝑑𝑦 = −𝑒 ∙ 𝐺0 ∙
𝑑𝜆𝑛

𝛼
= −𝑒 ∙ 𝐺0𝛿 ∙ 𝑑 ∙ 𝜆𝑛,     (4.22) 

𝐼𝑠 = ∫ ∫ 𝐽𝑠(𝑥) 𝑑𝑥 ∙ 𝑑𝑦 = −𝑒 ∙ 𝐺𝑠,0 ∙
𝑑𝜆𝑠

𝛼
= −𝑒 ∙ 𝐺𝑠,0𝛿 ∙ 𝑑 ∙ 𝜆𝑠.         (4.23) 

Here, 𝑑 is the width of the illuminated area in the y-axis (𝑑 = ∫ 𝑑𝑦), and 𝛿 = 1/𝛼 is the 

optical penetration depth. Here, we can make the following observations: it is as though the 

photogeneration rates 𝐺0 and 𝐺𝑠,0 are uniformed spread across a depth 𝛿 in the x-direction. 

This makes sense because most of the optical intensity only penetrates up to 𝛿, so that if we 

count the total (including photons that penetrate deeper than 𝛿), we would indeed get 𝐺0𝛿 

and 𝐺𝑠,0𝛿, respectively. Also, 𝐼𝑝ℎ and 𝐼𝑠 comes from the photogenerated carriers that are 

evenly spread across a width 𝑑 in the y-direction, which again make perfect sense, since this 

is the width of the illuminated area. What is interesting here is that it seems as though 𝐼𝑝ℎ 

and 𝐼𝑠 comes from the photogenerated carriers that are evenly spread across heights 𝜆𝑛 and 

𝜆𝑠 in the z-direction. This means that only carriers photogenerated within 𝜆𝑛 are collected 

efficiently. Likewise, only spins photogenerated within 𝜆𝑠 are collected efficiently. 
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Evaluating 𝐼𝑝ℎ and 𝐼𝑠 gives us 0.32 and 0.01 mA, respectively. It can be seen that even 

though the transmittance 𝑇 of the sidewall is much higher than that of the top metal contacts, 

we still get a lower 𝐼𝑝ℎ for the lateral-type spin-PD. This is because only the photons that 

enter the region within 𝜆𝑛 = 21 μm from the top contact can contribute effectively to 𝐼𝑝ℎ. 

Also, 𝐼𝑠 is significantly lower compared to that of vertical-type spin-PD. Similarly, this is 

because only the photons that enter the region within 𝜆𝑠 = 1.3 μm from the top contact can 

contribute effectively to 𝐼𝑝ℎ. This goes to show how inefficient this kind of lateral spin-PD 

is.  

The IQE in this case is about 10%, which is much lower compared to IQE of the vertical 

case. On the other hand, the EQE is about 7%. This time the EQE is comparable to the IQE 

because of the relatively high transmittance of the sidewall. 

Computing for spin polarization of the photocurrent gives us the following 

𝑃𝐽 =
𝐼𝑠

𝐼𝑝ℎ
= 0.5 [

𝜆𝑠

𝜆𝑛
] = 0.5 ∙ 𝛾.       (4.24) 

Here, we have again gathered the terms inside the square bracket into 𝛾. In this case, 𝑃𝐽 is 

about 3.1% and 𝛾 is about 6%. Recall that the structure of this spin-PD is same as that of the 

earlier vertical spin-PD. We have only changed the illumination configuration, yet the 

resulting drop in 𝛾 is astounding.  

For completeness, let us try to solve this lateral spin-PD case using the drift-diffusion 

equations. We start again with the steady-state diffusion equations  

0 = 𝐷
𝜕2∆𝑛

𝜕𝑧2 −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺0 ∙ exp (−𝛼𝑥),   (4.25) 

0 = 𝐷
𝜕2∆𝑠

𝜕𝑧2 −
∆𝑠

𝜏𝑠
+ 𝐺𝑠,0 ∙ exp (−𝛼𝑥).   (4.26) 

Here, we have again ignored the depletion region so that the drift term has been dropped. We 

again consider only transport along the z-axis, and the photogeneration term, now, is 

independent of z. The form of the analytical solutions for these is known. 

∆𝑛(𝑧, 𝑥) = 𝐺0𝜏𝑟𝑒𝑐[1 − exp (−𝑧/𝜆𝑛)] ∙ exp (−𝛼𝑥),   (4.27) 

∆𝑠(𝑧, 𝑥) = 𝐺𝑠,0𝜏𝑠[1 − exp (−𝑧/𝜆𝑠)] ∙ exp (−𝛼𝑥).   (4.28) 

Here, we have again ignored lateral diffusion and hence, the x-dependence of ∆𝑛 and ∆𝑠 

comes from 𝐺 and 𝐺𝑠 , respectively. Solving for the current densities 𝐽 and 𝐽𝑠  at z = 0 

yields 

𝐽 = −𝑒 ∙ 𝐷 ∙
𝜕∆𝑛

𝜕𝑧
|

𝑧=0
= −𝑒 ∙

𝐷𝐺0𝜏𝑟𝑒𝑐

𝜆𝑛
= −𝑒 ∙ 𝐺0 ∙ 𝜆𝑛 ∙ exp (−𝛼𝑥),    (4.29) 

𝐽𝑠 = −𝑒 ∙ 𝐷 ∙
𝜕∆𝑠

𝜕𝑧
|

𝑧=0
= −𝑒 ∙

𝐷𝐺𝑠,0𝜏𝑠

𝜆𝑠
− 𝑒 ∙ 𝐺𝑠,0 ∙ 𝜆𝑠 ∙ exp (−𝛼𝑥).     (4.30) 
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Now, we know these are correct because these are exactly the same as Eqs. (4.20) and (4.21). 

Note that the way we solved Eqs. (4.29) and (4.30) is entirely different from how we solved 

Eqs. (4.20) and (4.21). Here we took the derivative of ∆𝑛 and ∆𝑠 utilizing the boundary 

condition at z = 0, whereas for Eqs. (4.20) and (4.21), we simply integrated the generation 

rates, yet we got the exact same results. This demonstrates that the two methods are 

essentially equivalent. 

Up to now we have ignored the contribution of spin-polarized carriers that are 

photogenerated in the depletion region. We can simply include their contribution by making 

the following modification to Eqs. (4.22) and (4.23): 𝜆𝑛 → 𝜆𝑛 + 𝑤 and 𝜆𝑠 → 𝜆𝑠 + 𝑤. 

𝐼𝑝ℎ = −𝑒 ∙ 𝐺0𝛿 ∙ 𝑑 ∙ (𝜆𝑛 + 𝑤),      (4.31) 

𝐼𝑠 = −𝑒 ∙ 𝐺𝑠,0𝛿 ∙ 𝑑 ∙ (𝜆𝑠 + 𝑤).          (4.32) 

Here, 𝑤 is the width of the depletion region, which is about 40 nm. These modifications 

result in an increase of 0.2% and 3% to 𝐼𝑝ℎ and 𝐼𝑠, respectively, compared to our previous 

calculations where we ignored the depletion width contribution. This shows that our 

approximation is justified.  

Finally, let us consider what would happen if we also consider the surface recombination 

at x = 0 (recall that so far we have assumed that the cleaved sidewall is sufficiently 

passivated). In an actual cleaved sidewall, there are recombination centers such that carriers 

that are excited near the sidewall are driven towards the cleaved sidewall at a surface 

recombination velocity 𝑆 = 7.7×10
7
 cm/s.

29
 The effect of this to the spin-PD performance is 

significant. We can no longer ignore lateral diffusion along the x-axis, since the number of 

spin-polarized carriers is no longer the same as that if there was no lateral diffusion.  

Let us start by using the drift-diffusion equations. Note that now, we cannot simplify the 

system into 1-D. We need to solve a 2-D diffusion problem (we can still ignore diffusion in 

the y-direction). One advantage of using the drift-diffusion equations is that we can simply 

include the effect of surface recombination as the following boundary conditions at x = 0: 

𝐽𝑠𝑢𝑟𝑓 = −𝑒 ∙ 𝜕∆𝑛/𝜕𝑥 = −𝑒 ∙ 𝑆 ∙ ∆𝑛(𝑥 = 0)/𝐷 , and 𝐽𝑠,𝑠𝑢𝑟𝑓 = −𝑒 ∙ 𝜕∆𝑠/𝜕𝑥 = −𝑒 ∙ 𝑆 ∙

∆𝑠(𝑥 = 0)/𝐷 , where 𝐽𝑠𝑢𝑟𝑓  and 𝐽𝑠,𝑠𝑢𝑟𝑓  are the surface recombination current and the 

surface recombination spin-current, respectively. The diffusion equations become  

0 = 𝐷𝛻2∆𝑛 −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺(𝑥),    (4.33) 

0 = 𝐷𝛻2∆𝑠 −
∆𝑠

𝜏𝑠
+ 𝐺𝑠(𝑥).    (4.34) 

We can solve Eqs. (4.33) and (4.34) numerically, but here we will solve them analytically 

with a couple of approximations. We first assume separable solutions ∆𝑛(𝑥, 𝑧) ≈
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∆𝑛𝑥(𝑥)∆𝑛𝑧(𝑧) and ∆𝑠(𝑥, 𝑧) ≈ ∆𝑠𝑥(𝑥)∆𝑠𝑧(𝑧). Note that Eqs. (4.33) and (4.34) are not 

actually separable, but with the help of a couple of approximations, we can still decouple the 

x and z dependencies. We first rewrite the equations as 

−𝐷
𝜕2∆𝑛

𝜕𝑧2 = 𝐷
𝜕2∆𝑛

𝜕𝑥2 −
∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺(𝑥),    (4.35) 

−𝐷
𝜕2∆𝑠

𝜕𝑧2 = 𝐷
𝜕2∆𝑠

𝜕𝑥2 −
∆𝑠

𝜏𝑠
+ 𝐺𝑠(𝑥).    (4.36) 

Here, we will first find the solution at the region 𝑧 ≫ 𝜆𝑛. At this region (deep in the bulk of 

the GaAs), 
𝜕2∆𝑛

𝜕𝑧2  and 
𝜕2∆𝑠

𝜕𝑧2  become negligibly small. This is because the photon flux is 

uniform and this region is far from the depletion region where there is a built-in electric field, 

so that nothing would drive the diffusion in the z-direction. However, there is still a gradient 

in the x-direction, so that we can rewrite Eqs. (4.35) and (4.36) as 

0 = 𝐷
𝜕2∆𝑛𝑥

𝜕𝑥2 −
∆𝑛𝑥

𝜏𝑟𝑒𝑐
+ 𝐺(𝑥),    (4.35) 

0 = 𝐷
𝜕2∆𝑠𝑥

𝜕𝑥2 −
∆𝑠𝑥

𝜏𝑠
+ 𝐺𝑠(𝑥).    (4.36) 

The analytical form of the solutions to these equations is known.  

∆𝑛𝑥(𝑧) = (
𝐺0𝜏𝑟𝑒𝑐

1−𝛼2𝜆𝑛
2 

) [exp(−𝛼𝑥) − (
𝛼+

𝑆

𝐷
1

𝜆𝑛
+

𝑆

𝐷

)exp (−𝑥/𝜆𝑛)],   (4.37) 

∆𝑠𝑥(𝑧) = (
𝐺𝑠,0𝜏𝑠

1−𝛼2𝜆𝑠
2 

) [exp(−𝛼𝑥) − (
𝛼+

𝑆

𝐷
1

𝜆𝑠
+

𝑆

𝐷

)exp (−𝑥/𝜆𝑠)].   (4.38) 

Now, we assume that these solutions hold everywhere (even in the region where z is no 

longer ≫ 𝜆𝑛). This is the actual approximation. We now go back to Eqs. (4.35) and (4.36) 

knowing the solutions for ∆𝑛𝑥 and ∆𝑠𝑥. We can rewrite Eqs. (4.35) and (4.36) as follows 

0 = 𝐷
𝜕2∆𝑛𝑧

𝜕𝑧2 −
∆𝑛𝑧

𝜏𝑟𝑒𝑐
+ [

𝐺(𝑥)

∆𝑛𝑥
+ 𝐷

𝜕2∆𝑛𝑥

𝜕𝑥2 ] =  𝐷
𝜕2∆𝑛𝑧

𝜕𝑧2 −
∆𝑛𝑧

𝜏𝑟𝑒𝑐
+ 𝐺𝑒𝑓𝑓,  (4.39) 

0 = 𝐷
𝜕2∆𝑠𝑧

𝜕𝑧2
−

∆𝑠𝑧

𝜏𝑠
+ [

𝐺𝑠(𝑥)

∆𝑠𝑧
+ 𝐷

𝜕2∆𝑛𝑥

𝜕𝑥2
] = 𝐷

𝜕2∆𝑠𝑧

𝜕𝑧2
−

∆𝑠𝑧

𝜏𝑠
+ 𝐺𝑠,𝑒𝑓𝑓.  (4.40) 

Here, we have gathered the terms in the square brackets into constants 𝐺𝑒𝑓𝑓 and 𝐺𝑠,𝑒𝑓𝑓, 

which are the effective generation rates. 𝐺𝑒𝑓𝑓 and 𝐺𝑠,𝑒𝑓𝑓 are constants with respect to z but 

are functions of x. It can be seen that we have successfully decoupled the each 2-D diffusion 

equation into two 1-D diffusion equations. The form of the solutions to Eqs. (4.39) and 

(4.40) is known. So that we can finally write the whole solution for ∆𝑛 and ∆𝑠. 

∆𝑛(𝑥, 𝑧) ≈ (
𝐺0𝜏𝑟𝑒𝑐

1−𝛼2𝜆𝑛
2 

) [exp(−𝛼𝑥) − (
𝛼+

𝑆

𝐷
1

𝜆𝑛
+

𝑆

𝐷

)exp (−𝑥/𝜆𝑛)] [1 − exp (−𝑧/𝜆𝑛)], (4.41) 
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∆𝑠(𝑥, 𝑧) ≈ (
𝐺𝑠,0𝜏𝑠

1−𝛼2𝜆𝑠
2 

) [exp(−𝛼𝑥) − (
𝛼+

𝑆

𝐷
1

𝜆𝑠
+

𝑆

𝐷

)exp (−𝑥/𝜆𝑠)] [1 − exp (−𝑧/𝜆𝑠)].  (4.42) 

Shown in Fig. 4.4 are the plots of ∆𝑛 and ∆𝑠. Again we can inferred the direction of the 

flows of ∆𝑛 and ∆𝑠. The flows that contributes to 𝐼𝑝ℎ and 𝐼𝑠 are labeled as 𝐽𝑒,𝑝ℎ and 𝐽𝑒,𝑠. 

Note that the actual currents are opposite these flows. Notice also the sharp slopes near x = 0 

for both ∆𝑛 and ∆𝑠, these correspond to the surface recombination currents 𝐽𝑠𝑢𝑟𝑓  and 

𝐽𝑠,𝑠𝑢𝑟𝑓 , respectively. The photocurrent 𝐼𝑝ℎ  and spin photocurrent 𝐼𝑠  is described the 

following: 

𝐼𝑝ℎ = ∫ ∫ 𝐽 𝑑𝑥 ∙ 𝑑𝑦 = ∫ ∫ −𝑒 ∙ 𝐷 ∙
𝜕∆𝑛(𝑥,𝑧)

𝜕𝑧
|

𝑧=0
𝑑𝑥 ∙ 𝑑𝑦,  (4.43) 

𝐼𝑠 = ∫ ∫ 𝐽𝑠 𝑑𝑥 ∙ 𝑑𝑦 = ∫ ∫ −𝑒 ∙ 𝐷 ∙
𝜕∆𝑠(𝑥,𝑧)

𝜕𝑧
|

𝑧=0
𝑑𝑥 ∙ 𝑑𝑦.     (4.44) 

Evaluating Eqs. (4.43) and (4.44) gives us 𝐼𝑝ℎ  6.2 μA and 𝐼𝑠  1.6 μA. We can see that 

both 𝐼𝑝ℎ and 𝐼𝑠 have been reduced due to the presence of the surface recombination. 𝐼𝑝ℎ 

was reduced to 2% of its value without surface recombination, while 𝐼𝑠 was reduced to 16% 

of its value without surface recombination. The reduction in 𝐼𝑝ℎ is much bigger than the 

reduction in 𝐼𝑠 because the carrier lifetime 𝜏𝑟𝑒𝑐 is much longer than the spin lifetime 𝜏𝑠. 

When there was no surface recombination, carriers photogenerated moderately far away 

from the tunnel contact (with z comparable to 𝜆𝑛) could still contribute to 𝐼𝑝ℎ  due to 

relatively long lifetime before recombination occurs, whereas now that there is surface 

recombination, these carriers could no longer contribute, since the average amount of time it 

takes for carriers to recombine via surface recombination is about 𝑇𝑠𝑢𝑟𝑓 = 𝛿/𝑆  1.3×10
-12

 

s. Consequently, only those carriers that are really close to the tunnel contact can still be 

collected in this short time interval. 𝐼𝑠 is less affected because the spin lifetime 𝜏𝑠 was 

already fast to begin with. Interestingly, the spin-polarization of the current actually 

increased to 𝑃𝐽  26% mostly because of the sharp reduction in 𝐼𝑝ℎ. 

Let us now try to solve the same problem with the collection probability method. In 

contrast with the previous method, there is no simple and direct way of including surface 

recombination. However, one indirect way is to modify Eqs. (4.20) and (4.21) by insert 

factors to account for surface recombination. 

𝐽 = −𝑒 ∙ 𝑓(𝑆) ∫ 𝐺(𝑥) ∙ exp(−𝑧/𝜆𝑛)
∞

0
𝑑𝑧 = −𝑒 ∙ 𝑓(𝑆) ∙ 𝐺(𝑥) ∙ 𝜆𝑛,    (4.45) 

𝐽𝑠 = −𝑒 ∙ 𝑓𝑠(𝑆) ∫ 𝐺𝑠(𝑥) ∙ exp (−𝑧/𝜆𝑠)
∞

0
𝑑𝑧 = −𝑒 ∙ 𝑓𝑠(𝑆) ∙ 𝐺𝑠(𝑥) ∙ 𝜆𝑠.     (4.46) 

Here, 𝑓 and 𝑓𝑠 are factors that is used to account the effect of surface recombination that 

depend of 𝑆. From hindsight, we can easily see than for 𝑆 = 7.7×10
7
 cm/s, 𝑓 has to be 
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about 0.02 and 𝑓𝑠 has to be about 0.16 [from the results of Eqs. (4.43) and (4.44)]. However, 

if we had no known in advance that correct values of  𝐼𝑝ℎ and 𝐼𝑠, there would be no way for 

us to relate 𝑓 and 𝑓𝑠 to 𝑆. And this is the weakness of the collection probability method. 

 

 

Figure 4.4 Profiles of (a) ∆𝑛 and (b) ∆𝑠 as functions of x and z. Parameters used are 

𝛷0 = 3.4×10
19

 cm
2

s
1

, 𝐴 = 1.26×10
-3

 cm
2
, 𝐷 = 62 cm

2
/s, 𝛼 = 10

4
 cm

1
,
20

 𝑇 = 

0.1,
21

 𝐸  = 2.1×10
5
 V/cm, 𝜇  = 2400 cm

2
V

1
s
1

,
26

 𝜏𝑟𝑒𝑐  = 7.15×10
8

 s,
25

 𝜏𝑠  = 

2.33×10
10

 s,
27

 and 𝑆 = 7.7×10
7 
cm/s.

29
 

Additional conditions are difficult to introduce. Note that there are other ways Eqs. (4.20) 

and (4.21) can be modified to include surface recombination, such as by introducing 

effective lifetimes. Of course, these are also indirect and some form of optimization is 

required to make them work. Nonetheless, we have demonstrated that introducing additional 

conditions to the collection probability method may be difficult but is far from impossible. 

 

4.4 Spin dependent tunneling   

The third and final component of spin-PD simulation is the spin dependent tunneling. 

One may (incorrectly) assume that the spin photocurrent 𝐼𝑠  is the equal to the 

helicity-dependent photocurrent ∆𝐼. That is, if 𝐼𝑠 is 5% of the photocurrent 𝐼𝑝ℎ then ∆𝐼 

must also be 5% of 𝐼𝑝ℎ. This (incorrect) notion is based on the belief that at the tunnel 

contact, only the photocurrent in the spin channel that is aligned with the majority band of 

the ferromagnet is collected, and the other spin channel is somehow blocked. That is if the 

ferromagnetic tunnel contact is magnetized upward only the spin-up photocurrent 𝐼𝑝ℎ
↑ is 

collected. Likewise, if we switch the direction of the magnetization of the ferromagnet only 

spin-down photocurrent is collected 𝐼𝑝ℎ
↓. If we take the difference ∆𝐼 = 𝐼𝑝ℎ

↑ − 𝐼𝑝ℎ
↓ = 𝐼𝑠, 
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we do indeed get ∆𝐼 = 𝐼𝑠 and hence 
∆𝐼

𝐼
=

𝐼𝑠

𝐼𝑝ℎ
= 𝑃𝐽. At first glance, this seems to make sense, 

but this cannot be farther from the truth. Otherwise, there would be a charge accumulation at 

blocked spin channel. Electrons in this channel would start flipping to the other channel, and 

eventually, ∆𝐼 would vanish.  

The helicity-dependent photocurrent ∆𝐼 can actually become roughly equal to the value 

of 𝐼𝑠. If we had a perfect (half-metallic) tunnel contact, then indeed ∆𝐼 ≈ 𝐼𝑠 and 
∆𝐼

𝐼
≈ 𝑃𝐽. 

But in general, this is not the case, it is easy to see that, if we replace the ferromagnet in the 

tunnel contact with a non-magnetic metal, 𝐼𝑠 would be unchanged (if 𝐼𝑠 was 5% of 𝐼𝑝ℎ, it 

would still be 5% even if we replace the contact material), but ∆𝐼 would vanish (since ∆𝐼 

relies on the TMR effect).  

As discussed in the last section of Ch. 2, the correct approach involves the use of a 

modified version of the Julliere tunnel model. It is a simple matter of plugging in the value of 

𝑃𝐽 into the Eq. (2.29). This leads us to  

∆𝐼 = 𝐼𝑝ℎ ∙
∆𝑅

𝑅
= 𝐼𝑝ℎ ∙ [

2𝑃𝐹𝑀𝑃𝐽

1−𝑃𝐹𝑀𝑃𝐽
] = 𝐼𝑝ℎ ∙ [

2𝑃𝐹𝑀(𝐼𝑠/𝐼𝑝ℎ)

1−𝑃𝐹𝑀(𝐼𝑠/𝐼𝑝ℎ)
].   (4.47) 

Here, 𝑅 is the total resistance. In case external loads are added, these need to be considered 

in the calculation of ∆𝐼. It can be seen that ∆𝐼 depends mostly on the spin polarization of 

the ferromagnet in the tunnel contact 𝑃𝐹𝑀 and the spin polarization of the photocurrent 𝑃𝐽. 

Furthermore, whereas the photocurrent current 𝐼𝑝ℎ is continuous at the tunnel contact (i.e. 

the current at the ferromagnet side is equal to the current at the semiconductor side), the spin 

current 𝐼𝑠 is not. The spin current at the semiconductor side is indeed 𝐼𝑠. At the ferromagnet, 

there is no spin current. At the spin channels in the tunnel barrier, the spin current is non-zero 

(and depends on the magnetization of the ferromagnet), but at the same time, is not equal to 

𝐼𝑠. This is expected since the spin current is converted into a change in the charge current. 

This completes the discussion about the device simulation of spin-PDs.  
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5. Investigation of a cleaved-edge 

spin-photodiode with oblique angle 

surface illumination 
 

 

 

5.1 Introduction  

In our first attempt to fabricate a lateral-type spin-PD, we have utilized a simple cleaved 

structure [shown in in Fig. 5.1 (a)].
1
 The main advantage of this structure is the simplicity of 

the fabrication. A P-I-N spin-PD with a similar structure has previously been reported.
2
 In 

contrast with this previous study, a Schottky diode has been utilized in the present work. 

Furthermore, in addition to direct edge-illumination into the cleaved sidewall, an 

investigation using oblique angle surface illumination has also been carried out. This 

approach has proven to be an effective technique in analyzing the spin-transport dynamics in 

the spin-PD. It will be shown that the F of  1.3% is observed for oblique angle illumination, 

which is about 10 times higher than that of sidewall illumination of F  0.1%. This 

improvement in the F is due to the better photogeneration profile of spin-polarized carriers, 

which allows for more efficient collection of spin-polarized carriers, and the avoidance of 

edge related effects that tend to reduce the spin-dependent tunneling efficiency. Simulations 

have also been carried out. It will be shown that model calculations match fairly well the 

experimentally measured F for oblique angle illumination. It will also be shown that 
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calculations do not match the F measured for sidewall illumination, suggesting that edge 

related effects, such as magnetic edge curling and defects in the AlOx tunnel barrier at the 

cleaved edge, are the origin of the low experimentally measured F for sidewall illumination. 

 

5.2 Methodology  

A schematic of the sample is shown in Fig. 5.1 (a). The spin-PD sample is composed of a 

p-GaAs (NA  10
18

 cm
3

) layer grown by MBE on a p-GaAs (001) substrate (NA  10
19

 cm
3

). 

An MBE grown 1-nm AlOx has been used as the tunnel barrier,
3
 which is necessary for 

efficient spin-dependent tunnel contacts.
4-6

  

 

 

Figure 5.1 (a) Schematic cross section of the sample structure: from the top, 10-nm Au, 

5-nm Ti, 50-nm Fe, 1-nm AlOx, 100-nm Be-doped GaAs epilayer, and a p-GaAs:Zn 

(001) substrate. (b) Schematic of the helicity-resolved photocurrent measurement setup. 

Linearly polarized light from a 20mW laser was converted to CPL using LP and a 

QWP. The CPL beam was focused on the sample using a lens with the focal length f = 

50 cm. (c) Calculated transmittance of the two orthogonal linear polarizations as 

functions of the incidence angle . Inset: Schematic of refraction through the top metal 

layers for oblique-angle illumination with GaAs, the angle of a light beam inside the 

GaAs. 

A top contact composed of 50-nm-thick Fe and 5-nm Ti layers deposited by e-beam 
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evaporation, and a 10-nm Au layer deposited by resistive evaporation, has been used. In this 

case, the Fe/AlOx junction is used as the tunnel contact, which converts the 

spin-photocurrent into helicity-dependent photocurrent. A 40-nm Indium layer deposited by 

e-beam evaporation has been used for backside contact. The fabricated sample was then 

annealed at 230 °C for 1 hour in ambient N2 environment. Individual spin-PD chips of 

dimensions 1 mm × 1 mm were made by cleaving the sample. The magnitude of the built-in 

electric field in depletion region of the Fe/AlOx/p-GaAs junction is about  2.1 × 10
5
 V/cm. 

A schematic of the helicity-resolved photocurrent measurement setup is shown in Fig 5.1 

(b). Linearly polarized light from an OBIS laser of wavelength λ = 785 nm was convert into 

CPL by using a LP and a QWP. The helicity of the light can be switch between 𝜎+ and 𝜎− 

by manually rotating the QWP. The CPL beam was then focused onto the sample through a 

lens. The width of the beam spot (FWHM) at the sample is approximately 400 μm. An 

external magnetic field has been applied by using an external electromagnet. The 

photocurrent was measured by monitoring the voltage drop across a load resistor connected 

to the device. Lock-in amplification technique has been used using a mechanical chopper. 

A typical measurement run sequence involves switching the helicity several times 

(usually starting with 𝜎+) while keeping the applied field unchanged. For each helicity, the 

photocurrent is measured for a time windows of more than 50 s. The average photocurrent 

value for each measurement window is recorded and is treated as one data point. The 

standard deviation for each window is also recorded and is treated as the error. In order to 

avoid the influence of long term drift in the measured photocurrent, in each run, the helicity 

is switched an even number of times (i.e. the last helicity is the same as the first). Finally, the 

average value for each helicity in a run is recorded as 𝐼𝑝ℎ(𝜎±) and the 𝐹 is calculated by 

𝐹 = ∆𝐼
𝐼𝑝ℎ

⁄ =
2∙[𝐼𝑝ℎ(𝜎+)−𝐼𝑝ℎ(𝜎−)]

𝐼𝑝ℎ(𝜎+)+𝐼𝑝ℎ(𝜎−)
.   (5.1) 

Here, the 𝐼𝑝ℎ term in the denominator is taken as the average of 𝐼𝑝ℎ(𝜎+) and 𝐼𝑝ℎ(𝜎−).  

Furthermore, two illumination configurations were used in the measurement. As shown 

in Fig. 5.1 (a), the sample stage can be tilted. When 𝜃 = 90°, the light beam is incident on 

the cleaved sidewall of the spin-PD, so we call this configuration as sidewall illumination. 

When 𝜃 = 60°, the light beam is incident on top surface of the spin-PD at an oblique angle, 

so we call this configuration as oblique angle illumination. For the latter case, a beam scan, 

wherein the beam was position at the top of the sample is moved while measuring the 

photocurrent and helicity dependent photocurrent, was also carried out. 

For sidewall illumination, the geometry is fairly simple. Light is incident to the cleaved 
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edge or sidewall of the spin-PD. As the photons enter the spin-PD, their direction does not 

change. Once photons are inside the (GaAs) spin-PD, absorption occurs and spin-polarized 

carriers are photogenerated, which a spin axis in the same direction of the incident light. 

These spin-polarized carriers then diffuse towards the tunnel contact where they are 

collected as photocurrent. For sidewall illumination, the geometry is more complicated. In 

this case light is incident to the top surface of the spin-PD at an angle of incidence 𝜃 = 60° 

with respect to the normal of the wafer plane, is then transmitted through the top metal 

contact, and finally makes it to the GaAs layers where absorption and photogeneration occur. 

In this case, due to refraction, the direction of the beam inside the GaAs (𝑛𝐺𝑎𝐴𝑠 = 3.68) is 

𝜃𝐺𝑎𝐴𝑠 = 13.6° with respect to the normal. Consequently, the spin axis of the photogenerated 

spin-polarized carriers is also oriented in this direction and this has to be taken into account 

in the calculations. Furthermore, the transmittance of the top metal layers is different for the 

s- and p- linear polarization directions, and this reduces the degree of circular polarization of 

the light as it passes through the metal layers from 𝑃𝑐 = 1 to 𝑃𝑐 = 𝑇𝑠/𝑇𝑝  0.33 [as shown in 

Fig. 5.1 (c)].  

A model calculation has also been carried out. As discussed in the Ch. 4, the model 

involves three components: first, photogeneration of charge and spins, second, transport of 

charge and spins, and third, spin dependent tunneling. Here, spin photogeneration is 

accounted for by using the optical selection rules,
7,8

 whereas the transport is modelled using 

the drift-diffusion equation for non-equilibrium charge (electrons) ∆𝑛 and spins ∆𝑠,
9,10

 and 

is described by the following: 

𝜕∆𝑛

𝜕𝑡
= 𝐷𝛻2∆𝑛 + 𝜇𝐸𝛻∆𝑛 −

∆𝑛

𝜏𝑟𝑒𝑐
+ 𝐺,   (5.2) 

𝜕∆𝑠(𝜎±)

𝜕𝑡
= 𝐷𝛻2∆𝑠(𝑃) + 𝜇𝐸𝛻∆𝑠(𝜎±) −

∆𝑠(𝜎±)

𝜏𝑠
+ 0.5 ∙ 𝐺 ∙ 𝑃𝑐(𝜎±). (5.3) 

Here, ∆𝑛 and ∆𝑠 are defined in the usual way (∆𝑛 = ∆𝑛↑ + ∆𝑛↓ and ∆𝑠 = ∆𝑛↑ − ∆𝑛↓), 

and we use the parameters 𝐷 =  62 cm
2
/s for the electron diffusion coefficient, 𝜇 =  2400 

cm
2
/(V·s) for the electron mobility,

11
 𝜏𝑟𝑒𝑐  =  7.15 × 10−8  s for the recombination 

lifetime,
12,13

 𝜏𝑠  = 2.33 × 10−10 s for the spin lifetime,
13

 and 𝑃𝑐(𝜎±) =  1 for 𝜎± the 

degree of circular polarization. The optical selection rules are incorporated into Eq. (5.3) 

through the factor 0.5 in the last term. Steady-state solutions of the form 𝑛 ≈ ∆𝑛(𝑥) ∙

∆𝑛(𝑦) ∙ ∆𝑛(𝑧)  and ∆𝑠 ≈ ∆𝑠(𝑥) ∙ ∆𝑠(𝑦) ∙ ∆(𝑧) were used in solving Eqs. (5.2) and (5.3). 

At the tunnel junction (where the photocurrent is measured), the photocurrent and spin 

photocurrent is described by: 

𝐼𝑝ℎ = −𝑒 ∬ 𝜇𝐸∆𝑛(𝑧 = 0) 𝑑𝑥𝑑𝑦,    (5.4) 
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𝐼𝑠(𝜎±) = −𝑒 ∬ 𝜇𝐸∆𝑠(𝑧 = 0, 𝜎±) 𝑑𝑥𝑑𝑦,   (5.5) 

And finally, the simulated helicity-dependent photocurrent is calculated by 

∆𝐼 ≈ 𝐼𝑝ℎ
∆𝑅

2𝑅𝑆𝑃𝐷
= 𝐼𝑝ℎ {

1

2
𝑃𝐹𝑒[ 𝐼𝑠(𝜎+)−𝐼𝑠(𝜎−)]/𝐼𝑝ℎ

1 − 
1

2
𝑃𝐹𝑒[ 𝐼𝑠(𝜎+)−𝐼𝑠(𝜎−)]/𝐼𝑝ℎ

} = 𝐼𝑝ℎ {
𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ

1 − 𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ
}.  (5.6) 

Note that, Eq. (5.6) is based on the Julliere tunnel model,
14

 that was modified for a 

ferromagnet-insulator-semiconductor junction. The factor 2 in the denominator of 
∆𝑅

2𝑅𝑆𝑃𝐷
 

was included to account for the effect of the load resistor used in our photocurrent setup. The 

term |𝐼𝑠|/𝐼𝑝ℎ = 𝑃𝐽 is spin polarization of the photocurrent. 

We have been solved Eqs. (5.2) to (5.6) in the two configurations: sidewall illumination 

and oblique angle illumination [as shown in Fig. 5.2 (a) and (b)]. By comparing values from 

our simulations to the data from our experiments we are able to make a comprehensive 

analysis of the spin-PD in the present work.  

 

 

Figure 5.2 Schematic diagram of the simulation geometry for (a) sidewall illumination 

and (b) oblique angle illumination. 

For sidewall illumination, a uniform light beam is incident into the y-z plane at x = 0. The 

generation rate 𝐺 in has a spatial profile described by the Beer-Lambert law 𝐺(𝑥) = 𝛼 ∙

(1 − 𝑅) ∙ 𝛷0 ∙ 𝑒𝑥𝑝(−𝛼𝑥). Here, we use 𝛼 = 1.4×10
4
 cm

-1
 for the absorption coefficient and 

R = 0.3 for reflectance of the air/p-GaAs interface. Additionally, 𝛷0 is the photon flux of the 

incident beam in the unit of number of photons per cm
2
. The cleaved sidewall at x = 0 is 

assumed to have a surface recombination velocity S, which we have treated as a fitting 
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parameter in the simulation. The corresponding boundary condition for this is 𝐽𝑠𝑢𝑟𝑓 =

𝜕∆𝑛/𝜕𝑥 = 𝑆 ∙ ∆𝑛(𝑥 = 0)/𝐷.  

For oblique angle illumination, light enters through the top surface through the top metal 

layers (the x-y plane at z = 0). As mentioned before, as the light is transmitted through the 

metal layers, its degree of circular polarization is reduced to from 𝑃 = 1 to 𝑃 = 𝑇𝑠/𝑇𝑝  

0.33. The method reported by Zak
15

 was used to estimate the transmittance of the top metal 

layers as shown in Fig. 5.1 (c). The effect of MCD was ignored in the calculation. The 

generation rate now takes the form 𝐺(𝑧) = 𝛼 ∙ 𝑇 ∙ 𝛷0 ∙ 𝑒𝑥𝑝(−𝛼𝑧/𝑐𝑜𝑠𝜃𝐺𝑎𝐴𝑠)/ cos 𝜃, θ  60°. 

We note the low transmittance of the top metal layers at 2.46×10
3

. As previously mentioned 

as well, the direction of propagation of the photon inside the GaAs not becomes 𝜃𝐺𝑎𝐴𝑠 = 

13.6°. Since, Fe layer is magnetized along the in-plane, only the component of the spins 

along the in-plane contributes to the helicity-dependent photocurrent. All calculates were 

implemented in MATLAB. 

 

5.3 Results and discussions  

Shown in Figs. 5.3 (a) and (b) are the profiles of the photogenerated charges ∆𝑛 and 

spins ∆𝑠, respectively, for sidewall illumination. The direction of the flow of charges and 

spins can be inferred from the gradient of the profile. Note however that the actual current 

direction is opposite of these flows, directions because the charge of the electron is negative 

(e.g. 𝐽𝑝ℎ = −𝑒 ∙ 𝐽𝑒,𝑝ℎ).  

 

 

Figure 5.3 Profile of the photogenerated charges ∆𝑛 and spins ∆𝑠 in the z-x plane 

for sidewall illumination. Arrows indicate the flow of charges and spins inferred from 

the gradient of the profile: the diffusion current 𝐽𝑒,𝑑𝑖𝑓𝑓, the surface recombination 

current 𝐽𝑒,𝑠𝑢𝑟𝑓, the photocurrent 𝐽𝑒,𝑝ℎ, and the spin photocurrent 𝐽𝑒,𝑠 
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It can be seen that photogeneration primarily happens close to the surface (within x < 5 

μm). This is due to the short penetration depth 𝛿 of light in GaAs, 𝛿 = 1/𝛼  0.7 μm. It can 

also be seen that only a region within z < 30 μm significantly contribute to the photocurrent 

and only a region within z < 2 μm significantly contribute to the spin photocurrent. This 

agrees with the magnitudes of the carrier and spin diffusion lengths 𝜆𝑑  21μm and 𝜆𝑠  

1.3μm, respectively. 

Shown in Fig. 5.4 is profile of the photogenerated spins ∆𝑠  for oblique angle 

illumination. The corresponding profile of charges ∆𝑛 is shown in the inset of Fig. 5.4. 

Analogously, the direction of flow of charges and spins can be inferred from the gradient 

direction. Note again that the actual current direction is opposite the direction of the flows. It 

can be seen that only a region within z < 2 μm contributes to the spin photocurrent, and 

similarly, only a region within z < 5 μm contributes to the photocurrent. In this case, optical 

generation only happens near the surface, within z < 5μm, which is the reason why the flows 

primarily originate from near the z = 0 surface. 

 

 

Figure 5.4 Profile of the photogenerated spins ∆s along the z-direction for oblique 

angle illumination. Inset: Corresponding profile of the photogenerated charges ∆n. 

Arrows indicate the flow of charges and spins inferred from the gradient of the profile: 

the photocurrent 𝐽𝑒,𝑝ℎ, and the spin photocurrent 𝐽𝑒,𝑠. 

Shown in Fig. 5.5 (a) is the temporal profile of the measured photocurrent for two 

opposite applied fields. Step-like profiles can be seen in the photocurrent when the helicity 

of the incident beam is switched. For H = + 1.35 kOe, there is an increase (decrease) in 

photocurrent when the helicity is switched from 𝜎+ to 𝜎− (from 𝜎− to 𝜎+). Notice also 

than upon application of the opposite field H =  1.35 kOe the step-like profiles reverse. This 

helicity-dependent photocurrent is a clear indication of spin transport. The average 
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amplitude of the step profile is about ∆𝐼  0.015 μA. Taking the ratio of this with the 

average photocurrent value of 𝐼𝑝ℎ  10.46 μA, a F of  0.14% has been calculated. 

Shown in Fig. 5.5 (b) is the F as a function of the applied magnetic field H for sidewall 

illumination, plotted along with the M-H curve of the 50-nm Fe layer. It can be seen that 

although the Fe layer exhibit remanent magnetization, F is almost 0 when no field is applied. 

A considerable F can only be observed at applied fields with magnitude > 500 Oe. 

 

 

Figure 5.5 (a) Profiles of photocurrent as a function of time for two opposite applied 

fields H =  1.35 kOe for sidewall illumination. (b) F as a function of applied field for 

sidewall illumination plotted with magnetization hysteresis loop. (c) Profiles of 

photocurrent as a function of time for two opposite remanent magnetization direction 

+Rem and -Rem for oblique angle illumination. (d) F as a function of applied field for 

sidewall illumination plotted with magnetization hysteresis loop. No applied voltage 

was applied for all measurements. 

Shown in Fig. 5.5 (c) is the temporal profile of the measured photocurrent for two 

opposite remanent states for oblique angle illumination. Similar to the sidewall illumination, 

clear step-like profiles can be observed, but at a greater magnitude. The average step 
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amplitude of about ∆𝐼  0.33 μA is observed. Taking the ratio of this with the average 

photocurrent value of 𝐼𝑝ℎ  29.0 μA, a F of  1.2% has been calculated. This value is about 

10 times higher than that of sidewall illumination and comparable to those reported for 

vertical-type spin-PD.
16

  

Shown in Fig. 5.5 (d) is the F as a function of the applied magnetic field H, for oblique 

angle illumination plotted along with the M-H curve of the 50-nm Fe layer. It can be seen 

that the F follows the profile of the M-H well. 

Since light is transmitted through the top magnetic contact, there is an MCD component 

to the measured F. In order to estimate this MCD component, the influence of applied bias 

voltage to the F was investigated since the MCD component should be independent of bias. 

Shown in Figs. 5.6 (a) and (b) are the plots of F as a function of applied field H for applied 

voltage V = 1 and +1 [V], respectively. For V = 1 [V] (reverse bias), the Schottky 

depletion width is increased, and the build-in electric field is enhanced. In this case, F is 

nearly unchanged at F  1.2%. On the other hand, for V = +1 [V] (forward bias), the 

Schottky depletion width is decreased, and the build-in electric field is reduced. In this case, 

F is significantly reduced at F  0.4%. This residual F is likely due to MCD. 

 

 

Figure 5.6 F as a function of applied field for oblique angle illumination plotted with 

magnetization hysteresis loop for (a) V = 1 [V] and (b) V = +1 [V].  

For completeness, we have also studied the effect of the incidence oblique angle to F. 

Shown in Fig. 5.7 (a) is the F vs H plots for different incidence angles. It can be seen that as 

the angle of incidence is decreased, F (at remanence) slightly increases. This qualitatively 

makes sense, since for high incidence angles the difference in transmittances between the s- 

and p- linear polarizations increases and the degree of circular polarization of the transmitted 

beam decreases. We estimate that the maximum F should occur for an incidence angle of 

about 38°. 
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Shown in Fig. 5.7 (b) is the calculated photocurrent 𝐼𝑝ℎ, helicity-dependent photocurrent 

∆𝐼, and F as functions of the surface recombination velocity S at the x = 0 surface for 

sidewall illumination and the corresponding surface recombination time 𝑇𝑠𝑢𝑟𝑓. When S is 

low (< 10
3 

cm/s), both 𝐼𝑝ℎ and ∆𝐼 are high. This is expected, since with minimal surface 

recombination, the photogenerated carriers and spins are collected efficiently as 

photocurrent. As S increases 𝐼𝑝ℎ  and ∆𝐼  decreases, as expected. This is because the 

reduced collection efficiency. The onset of the decrease in 𝐼𝑝ℎ happens at about S ≈ 10
3
 cm/s 

(𝑇𝑠𝑢𝑟𝑓 ≈ 10
−8

 s) and levels off at S ≈ 10
7
 cm/s (𝑇𝑠𝑢𝑟𝑓 ≈ 10

−12
 s), whereas the onset of the 

decrease in ∆𝐼 happens at a higher S ≈ 10
5
 cm/s (𝑇𝑠𝑢𝑟𝑓 ≈ 10

−9
 s) and levels off at S ≈ 10

8
 

cm/s (𝑇𝑠𝑢𝑟𝑓 ≈ 10
−13

 s). This can be understood considering that the onsets for the decrease of 

𝐼𝑝ℎ  and ∆𝐼  correspond to when 𝑇𝑠𝑢𝑟𝑓  becomes comparable to the bulk recombination 

lifetime 𝜏𝑟𝑒𝑐 and the bulk spin lifetime 𝜏𝑠, respectively. Furthermore, the decrease in 𝐼𝑝ℎ is 

much larger than that in ∆𝐼. For instance at S ≈ 10
7
 cm/s (𝑇𝑠𝑢𝑟𝑓 ≈ 10

−12
 s), over 96% of 𝐼𝑝ℎ 

is lost due to surface recombination, whereas only 64% of ∆𝐼 is lost at this S value. This 

becomes obvious when we take a look at the plot of F. As S increases, F actually also 

increases from about 2% at S ≈ 10
3
 cm/s to over 16% at S ≈ 10

8
 cm/s. This is mainly driven 

by the sharp decrease in 𝐼𝑝ℎ. 

 

 

Figure 5.7 (a) Measured F vs applied field H for different incidence angles. (b) 

Simulated values for the photocurrent 𝐼𝑝ℎ, helicity-dependent photocurrent ∆𝐼, and F 

as functions of the surface recombination velocity S and the surface recombination 

time 𝑇𝑠𝑢𝑟𝑓 =  𝛿/𝑆. 

Using S as a fitting parameter and comparing the simulated photocurrent with the 

experimentally measured photocurrent, a good match can be achieved for S ≈ 10
7
 cm/s 
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(𝑇𝑠𝑢𝑟𝑓 ≈ 10
−12

 s). This value is comparable with that of the literature.
17

 This result suggests 

that the model can account for charge transport in the spin-PD for sidewall illumination. On 

the other hand, the experimental values for ∆𝐼 and F are 2 orders of magnitude than the 

value predicted by the simulation model. This means that the surface recombination does not 

explain the rather low experimentally measured F. 

   

 

Figure 5.8 (a) Experimental photocurrent 𝐼𝑝ℎ (blue diamonds), helicity-dependent 

photocurrent ∆𝐼 (red squares), and F (green triangles), simulated photocurrent 𝐼𝑝ℎ 

(blue lines), helicity-dependent photocurrent ∆𝐼  (red lines), and F (green lines) 

plotted as functions of the beam position. Dashed and solid lines correspond to 

calculations with and without contribution from light hitting the sidewall, respectively. 

(b) A schematic diagram of the beam scan in the spin-PD. 

Shown in Fig 5.8 (a) is a summary of the experimental and simulation data for oblique 

angle illumination plotted as functions of beam position. Two calculations were made: one 

including the contribution from light hitting the sidewall (dashed lines) as shown in Fig. 5.7 

(b), and another without the sidewall contribution (solid lines). It can be seen that the 

experimental data matches well the calculation without the sidewall contribution (solid 

lines). The slightly higher experimental F compared with the simulation is possibly due to 

the MCD component, which was ignored in the model calculation. The experimental 

profiles are nearly symmetric. 𝐼𝑝ℎ and ∆𝐼 have maximum values when the beam is at the 

center of the sample. As the beam is moved away from the center of the sample, both 𝐼𝑝ℎ 
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and ∆𝐼 start to decrease, whereas F is nearly independent of the beam position. These 

results clearly suggest the effectiveness of the simulation model in predicting device 

performance particularly for the oblique angle illumination, and that calculated F values for 

the sidewall contribution are clearly overestimates.  

There is another interesting point that we can get from the simulation results. In oblique 

angle illumination, even though the degree of circular polarization has been reduced to a 

third during the transmission through the top metal contacts and despite that the in-plane 

component of the photogenerated spins is small due to the steep 𝜃𝐺𝑎𝐴𝑠, an F of more than 

1% was still observed, which is comparable to that of vertical-type spin-PDs. This tells us 

that the spin transport efficiency is high enough to compensate for these factors and yield a 

decent value of F. This high spin-transport efficiency comes from the fact that for oblique 

angle illumination (and for vertical-type spin-PDs as well) the absorption and hence 

photogeneration occurs mostly in the region directly below the tunnel contact. This result 

highlights the relative ease and effectiveness of through-the-top-contact illumination, and 

the difficulty and complexity of edge illumination, which also explains why most of the 

previous reports have been about vertical-type spin-PDs. 

Finally, let us briefly address the discrepancy of the calculated F when compared with the 

experimental F for the sidewall illumination case. Since the validity of the model has been 

demonstrated for the oblique angle illumination, the only plausible explanation for the 

discrepancy is that there are factors that were not accounted for in the model, which are 

present in the fabricated spin-PD. One factor that was not accounted for in the model is 

magnetic edge curling.
18

 Since charge and spin transport occurs very near (within a few µm) 

the cleaved edge for sidewall illumination, the magnetization of the edge of the contact 

determines the spin-dependent transport (and consequently the helicity-dependent 

photocurrent). In case of edge curling, the magnetization at edge of the magnetic contact 

curls and orients perpendicular to the bulk magnetization of the film even with magnetic 

field application. This qualitatively explains the result that F vanishes at remanence for 

sidewall illumination. Applying external field, decreases the area of the curling region, 

which again qualitatively agrees with our results that F increases with applied field. On the 

other hand, even with the application of a significant field H > 1 kOe, F still remains small, 

suggesting that curling alone may not explain the low F. 

Another possible explanation is the poor quality (microscopy damage or defects) of the 

AlOx tunnel barrier at the cleaved edge. This would lead to the conductance mismatch 

problem and to loss of effective spin-dependent tunneling. The relatively small dependence 
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of the sidewall F to the applied field as shown in Fig. 5.4 (b) seems to qualitatively agree 

with this. Additional studies are required to investigate these factors, which are outside the 

scope of the present work. It may, however, be more practical to simply avoid the cleaved 

edge and its associated edge effects by changing the structure of the spin-PD to a more 

efficient one.
19

 

 

5.4 Conclusions 

Here, we have investigated the performance of a cleaved edge Fe/AlOx/p-GaAs 

Schottky junction lateral spin-PD In addition to conventional sidewall illumination 

experiments, oblique angle surface illumination measurements were also carried out. The 

spin conversion efficiency F has been determined to be 0.1% for sidewall illumination and 

1.3% for oblique angle illumination. A simulation model incorporating the optical selection 

rules, drift-diffusion change and spin transport, and spin dependent tunneling has also been 

developed. Simulation results shows a good match between the experiment and simulation 

results for oblique angle illumination. Further comparison of the experimental and 

simulated results reveals that the low F for sidewall illumination is cause either by the 

damage in the AlOx tunnel barrier at the cleaved edge or by magnetic edge curling. Finally, 

a possible solution to the low sidewall F by changing the structure of the spin-PD has also 

been proposed. 
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6. Refracting-facet spin-photodiode  

6.1 Introduction  

After our first attempt in fabricating a lateral-type spin-PD (cleaved spin-PD), we have 

learned several things, and we have decided that for our second attempt, we would design a 

spin-PD with these concepts in mind. For a simple cleaved-edge spin-PD, absorption (and 

hence photogeneration) occurs mostly near the cleaved edge. As we have found out, spin 

transport near the edge region leads to poor helicity-dependent photocurrent. So that first of 

all, the new design should avoid absorption and transport near the edge of the spin-PD. 

Secondly, the region where photogeneration occurs determines the spin-transport efficiency 

and consequently the helicity-dependent photocurrent. When photogeneration occurs near 

the tunnel contact, spin-transport efficiency is high. So that it is important to keep active 

region of the spin-PD near the tunnel contact. Thirdly, in order to bring the incident light to 

the active region a coupler is needed. Furthermore, the coupler should not only be able to 

maintain the degree of circular polarization of the incident light, but at the same time, keep 

the in-plane component of the photogenerated spins as high as possible. Motivated with 

these criteria, we have proposed a new spin-PD structure based on the refracting-facet 

photodiode.
1
 

Here, a lateral-type spin-PD with a refracting facet window is demonstrated.
2
 In order to 

confine photogeneration at the active layer, the operating wavelength of the spin-PD has 

been set at λ = 900 nm (ℎ𝑣 = 1.38 eV), at which the GaAs (Eg = 1.42 eV) substrate is 
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transparent. Furthermore, an In0.05Ga0.95As (Eg = 1.35 eV) active layer has been utilized. In 

order to achieve a high spin-transport efficiency, the thickness of the active layer is kept thin 

(with thickness less than the spin diffusion length 𝜆𝑠  1.3 μm). Additionally, by keeping the 

angle of the refracting facet near vertical, the degree of circular polarization of the light is 

maintained, and the in-plane component of the photogenerated spins is kept high. It will be 

shown that experimental F up to 0.4% was achieved, which is the highest F value for purely 

edge-illuminated spin-PDs so far (F of 1.3% has indeed been reported in Ch.5, but this is 

through oblique angle illumination which is not purely edge illumination). In addition with 

experiments, model simulations predict F as high as 19% for the same general device 

geometry. Further simulation analysis reveal that the discrepancy between the experimental 

and simulated F values is due to the low effective spin polarization of the Fe-based tunnel 

contact, which suggests that the crystalline quality of the Fe/AlOx tunnel junction is poorer 

than initially expected. 

 

6.2 Methodology 

A schematic of the spin-PD structure is shown in Fig. 6.1 (a). The wafer growth involves 

the following: starting with a p-GaAs (001) substrate (NA ~10
19

 cm
3

), a 280-nm-thick 

epitaxial p-GaAs (NA ~5×10
17

 cm
3

) followed by a p-In0.05Ga0.95As:Be (NA ~5×10
17

 cm
3

) 

was grown by MBE. Two wafers were grown one with a thinner InGaAs active layer of 

thickness d = 40 nm, and the other with a thicker active layer with d = 400 nm. During 

growth, a substrate temperature of Ts = 580°C was used for the GaAs layer, while 510°C was 

used for the InGaAs layer. The wafers were then cooled to Ts = 80°C in order to grow the 

1-nm AlOx tunnel barrier.
3
  

 

 

Figure 6.1 (a) Schematic of the refracting-facet spin-PD. (b) A cross-sectional SEM 

image of the fabricated refracting facet. (c) A bird’s-eye-view SEM image of the 

fabricated refracting-facet spin-PD. 

After the wafer growth, the samples were taken out of the MBE chamber for device 
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fabrication. 480-μm-wide stripe top contacts were fabricated using standard 

photolithography and vacuum deposition techniques. Note that the long axis of the stripe 

was aligned parallel to the [1 -1 0] axis of the substrate. The top contact is composed of 

100-nm-thick Fe and 10-nm Ti layers deposited by e-beam evaporation, and a 20-nm Au 

layer deposited by resistive evaporation. Similar to the previous spin-PD, the Fe/AlOx 

junction is used as the tunnel contact, which converts the spin-photocurrent into 

helicity-dependent photocurrent. There is a built-in electric field ( 1.44 × 10
5
 V/cm) the 

Schottky depletion region of the Fe/AlOx/InGaAs. The width of the depletion region is 

approximately 42 nm. A 40-nm In layer was also deposited by resistive evaporation at the 

back side of the sample. This layer is used as the bottom contact. 

 

 

Figure 6.2 (a) Schematic of the helicity-resolved photocurrent measurement setup. (b) 

Image of an actual spin-PD chip mounted on a sample holder. (c) A bird’s-eye-view 

SEM image of the fabricated refracting-facet spin-PD. 

The refracting facet was then fabricated by using anisotropic wet chemical etching. A 

H2SO4:H2O2:H2O (1:8:1) etchant solution was used. This etchant is known to have an 

etching rate that is dependent on etching direction relative to the crystal orientation of 

GaAs.
4
 Before etching, the top contacts were protected by patterning 520-μm-wide 
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photoresist stripes that completely covered the top contacts. The 20-μm margin on each side 

of the stripes not only ensures that the top contact will be protected from the etchant, but also 

forms the pseudo-window [notice as how the metal contact does not extent all the way to the 

edge of the refracting facet in Fig 6.1 (a)] in the final spin-PD structure.
5
 In order to protect 

the backside contact, the wafer was mounted on a glass cover slip. The wafers were etched 

for a total of 30 minutes at room temperature. Mild manual stirring was applied during the 

etching, and the direction of the stirring was reversed every minute in order to improve the 

uniformity of the etching rate across the wafer.  

Shown in Fig 6.1 (b) is the cross-sectional image of the resulting structure after the 

etching process. The tilted surface formed by the etching acts as the refracting facet. A facet 

angle 𝜃𝑓𝑎𝑐𝑒𝑡 ~ 68° with respect to the wafer plane, with  2° depending on the position 

within the wafer was observed. This angle, however, does not correspond to the {1 1 1} 

crystal plane of GaAs with an angle of 55°. A similar observation was reported in Ref. 4.  

After etching, wafers were annealed at 230 °C for 1 hour in the ambient N2 environment. 

Individual spin-PD chips were made by cleaving the wafers across the stripes (along the [1 1 

0] crystal direction). The dimension of the final spin-PD chips is approximately 1 mm × 

1mm. A bird’s-eye-view of the fabricated device is shown in Fig. 6.1 (c). 

Shown in Fig. 6.2 (a) is the helicity-resolved photocurrent setup. In this case, a Tsunami 

Ti:Sapphire pulse laser, with pulse width of ~150 fs and repetition rate ~80 MHz was used in 

order to vary the central excitation wavelength from 840 (1.48 eV) to 930 nm (1.33 eV). 

Similar to the setup used in the measurement of the previous spin-PD, CPL is generated by 

converting light from the pulse laser using a LP and a QWP. The helicity of the CPL beam 

can be switched by rotating the QWP. A lens of focal length 30 cm was used to focus the CPL 

beam to a spot of diameter ( 1/𝑒2 ) 450 μm at the sample. Lock-in technique was 

implemented using a mechanical chopper. The power of the beam (measured by interrupting 

the beam with a power meter) is maintained at 3.6 mW (28 nJ/cm
2 

per pulse) for all 

measurements. The photocurrent was measured by monitoring the voltage drop across a load 

resistor connected to the device. Shown in Fig. 6.2 (b) is a spin-PD chip mounted on a 

sample holder. A Cu finger probe is attached to the top contact of the spin-PD, while the 

bottom contact is attached to a Cu plate.  

Before each measurement run, the magnetization of the Fe layer was aligned by applying 

an external magnetic field with magnitude > 500 Oe using a hand held permanent magnet. 

The field is applied parallel to the [1 -1 0] crystal direction. A typical run sequence involves 

switching the helicity several times (usually starting with 𝜎+) while not applying any field. 
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For each helicity, the photocurrent is measured for a time windows of more than 50 s. The 

average photocurrent value for each measurement window is recorded and is treated as one 

data point. The standard deviation for each window is also recorded and is treated as the error. 

In order to avoid the influence of long term drift in the measured photocurrent, in each run, 

the helicity is switched an even number of times (i.e. the last helicity is the same as the first). 

Finally, the average value for each helicity in a run is recorded as 𝐼𝑝ℎ(𝜎±) and the 𝐹 is 

calculated by 

𝐹 = ∆𝐼
𝐼𝑝ℎ

⁄ =
2∙[𝐼𝑝ℎ(𝜎+)−𝐼𝑝ℎ(𝜎−)]

𝐼𝑝ℎ(𝜎+)+𝐼𝑝ℎ(𝜎−)
.   (6.1) 

Here, the 𝐼𝑝ℎ term in the denominator is taken as the average of 𝐼𝑝ℎ(𝜎+) and 𝐼𝑝ℎ(𝜎−). 

Moreover, runs are carried out in pairs of opposite remanent magnetization states to ensure 

that the measured the helicity-dependent photocurrent values do come from spin-transport. 

Shown in Fig. 6.2 (c) and (d) are the M-H curves of the Fe top contact measured by 

SQUID along two directions: across (in the [1 1 0] direction) and along (in the [1 −1 0] 

direction) the long axis of the stripe. For both cases, coercivity of about 100 Oe was 

observed. Owing to the large dimensions of the stripe (in the order of mm), there is no 

observable magnetic shape anisotropy within the wafer plane.  

In addition to experiments, a model simulation has also been carried out. Similar to the 

previous chapter, the model involves three components: optical spin and carrier generation, 

spin and carrier transport, and spin-dependent tunneling. The first and last components are 

essentially identical to that used in the previous chapter, while the second component was 

mainly adopted from Ref. 6. In particular, instead of solving the drift-diffusion equation, we 

simply consider the rate of photogeneration for each point in the active layer, and then 

calculate the contribution of each point to the photocurrent and spin-photocurrent by taking 

into account the distance between each point to the tunnel contact (discussed in detail in Ch. 

4).  

After the light transmitting through the refracting facet, it is refracted towards the active 

layer, and upon entering the active layer, propagates at an angle 𝜃𝐼𝑛𝐺𝑎𝐴𝑠 with respect to the 

wafer plane. In the optimization of our facet etching process, it was found that the facet angle 

𝜃𝑓𝑎𝑐𝑒𝑡, depending on the exact etching conditions, can have values between 65° and 85°. So 

that, we first consider the facet angle 𝜃𝑓𝑎𝑐𝑒𝑡  ~75°, for which 𝜃𝐼𝑛𝐺𝑎𝐴𝑠  ~15.6°. In the 

illuminated active region, the number of photogenerated electrons ∆𝑛  and in-plane 

component of spins 𝑠𝑥 per unit time are proportional to optical intensity. We have adopted 

the notation used in Ref. 6. 
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∆𝑛 = 𝜂 ∙ 𝛷,     (6.2) 

𝑠𝑥(𝜎±) = 𝜂 ∙ 𝛷 ∙ 0.5 ∙ 𝑃𝑐(𝜎±) ∙ cos (𝜃𝐼𝑛𝐺𝑎𝐴𝑠).  (6.3) 

Here, 𝜂 is the effective quantum efficiency in units of cm
-1

, 𝛷 is the photon flux in units of 

cm
-2

·s
-1

, 𝑃𝑐  is the circular polarization [𝑃𝑐(𝜎±) =  1]. The optical selection rules are 

incorporated into Eq. (6.3) through the factor 0.5. The photon flux is directly related to the 

light intensity 𝑊, 𝛷 = 𝑊/ℎ𝑣, where ℎ𝑣 is the photon energy. Due to the geometry of the 

spin-PD, incident photons pass through the active layer two times: once going up towards 

the top contact and once more after being partially internally reflected off the top contact. 

This effectively doubles the thickness of the active layer. The total photon flux 𝛷  is 

therefore the sum of the photon fluxes due to the first and the second passes. Furthermore, 

the fact that pulse excitation was used in the experiment is of no consequence. Equations 

(6.2) and (6.3) hold for the time-average values of ∆𝑛 , 𝑠𝑥 , and 𝛷 . Assuming only 

band-to-band transitions, the conservation of energy demands that, for any given time 

interval, the number of photogenerated spin-polarized carriers must be equal to the number 

of absorbed photons, whether the photons are continuous wave or pulse. 

The total photocurrent is proportional to ∆𝑛 summed along the z coordinate over the 

active layer thickness. 

𝐼𝑝ℎ = 𝑒 ∙ 𝐴 ∫ ∆𝑛
𝑑

0
𝑑𝑧 = 𝑒 ∙ 𝐴 ∫ 𝜂 ∙ (𝛷1 + 𝛷2)exp (−𝑧/𝜆𝑧)

𝑑

0
𝑑𝑧     

=
𝑒∙𝐴∙𝑊0∙𝑇∙𝑓

ℎ𝑣∙sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
𝜂 ∙ [∫ 𝑊1(𝑧)exp (−𝑧/𝜆𝑛)

𝑑

0
𝑑𝑧 + ∫ 𝑊2(𝑧)exp (−𝑧/𝜆𝑧)

𝑑

0
𝑑𝑧]. (6.4) 

Here, 𝑒 is the magnitude of the electron charge, 𝐴 is the illuminated area in the active 

region, 𝛷1 =
𝑊0∙𝑇

ℎ𝑣∙sin(𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
𝑊1(𝑧) and 𝛷2 =

𝑊0∙𝑇

ℎ𝑣∙sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
𝑊2(𝑧) are the photon fluxes for 

the first and second passes, respectively, 𝑊0 the intensity of the incident light beam, 𝑇 ( 

0.68) the facet transmittance, the exp (−𝑧/𝜆𝑛) term is the collection probability (discussed 

in Ch. 4), 𝑓 the voltage dependent transport efficiency, 𝑑 the thickness of the active region, 

and 𝑊1(𝑧)  and 𝑊2(𝑧)  are the relative light intensity profiles inside the active layer, 

described by the following: 

𝑊1(𝑧)~ 𝑒𝑥𝑝 [
−(𝑑−𝑧)

𝛿∙sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
],    (6.5) 

𝑊2(𝑧)~ 𝑅 ∙ 𝑒𝑥𝑝 [(
−(𝑧+𝑑)

𝛿∙sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
]  ,    (6.6) 

1

𝛿∙sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠)
∙ ∫ [𝑊1(𝑧) + 𝑊2(𝑧)]

𝑑→∞

0
𝑑𝑧 = 1.  (6.7) 

Here, we use 𝑅  0.54 for the internal reflectivity of the Au/Ti/Fe/InGaAs interface, and 𝛿 

 1 μm for the optical penetration depth in the active region. Note that the factor f is the 
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constant of proportionality between the total number of photogenerated carriers and the 

photocurrent (therefore f  1).  

One interesting point here is that, because of the relatively small propagation angle of the 

light in the active layer 𝜃𝐼𝑛𝐺𝑎𝐴𝑠 ~ 15.6°, the effective optical penetration depth along the 

z-axis, 𝛿𝑒𝑓𝑓 = 𝛿 ∙ sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠) ≈ 0.27μm, is much shorter compared actual penetration 

depth 𝛿 ≈ 1 μm. This means the distance traveled by the light is about 4 times the actual 

thickness of the active layer, and hence, a relatively thin active layer can be used without 

losing too much absorbance.  

For the spin-photocurrent, an analogous approach is taken, but this time the spin 

relaxation has to be taken into account. The spin-photocurrent is described by 

𝐼𝑠(𝜎±) = 𝑒 ∙ 𝐴 ∫ 𝑠𝑥(𝜎±)
𝑑

0
exp (−𝑧/𝜆𝑛)exp (−𝑧/𝜆𝑠)𝑑𝑧      

= 𝑒 ∙ 𝐴 ∙ 0.5 ∙ 𝑃𝑐(𝜎±) ∙ 𝑐𝑜𝑠(𝜃𝐼𝑛𝐺𝑎𝐴𝑠) ∫ [𝜂 ∙ (𝛷1 + 𝛷2)
𝑑

0
∙ exp (−𝑧/𝜆𝑛)exp (−𝑧/𝜆𝑠)]𝑑𝑧. (6.8) 

Here, the spin spin relaxation is accounted for by the spin collection probability, exp (−𝑧/

𝜆𝑠) factor (discussed in Ch.4). Note that 𝛷1 and 𝛷2 are defined in the same was as that of 

Eq. (6.4). We use 𝜆𝑠  1.3 μm for the spin diffusion length. The maximum 𝐼𝑠 is half of 𝐼𝑝ℎ, 

which happens when the factor cos (𝜃𝐼𝑛𝐺𝑎𝐴𝑠) = 1 (incident light is parallel to the wafer 

plane) and the exponential factor in Eq. (6.9) approaches 1 (or when d → 0). 

As discussed in Ch. 4, calculating the experimentally measurable helicity-dependent 

photocurrent ∆𝐼 from the simulated 𝐼𝑠 and 𝐼𝑝ℎ is a simple matter of inserting them into the 

modified Julliere model. 

∆𝐼 ≈ 𝐼𝑝ℎ
∆𝑅

2𝑅𝑆𝑃𝐷
= 𝐼𝑝ℎ {

1

2
𝑃𝐹𝑒[ 𝐼𝑠(𝜎+)−𝐼𝑠(𝜎−)]/𝐼𝑝ℎ

1 − 
1

2
𝑃𝐹𝑒[ 𝐼𝑠(𝜎+)−𝐼𝑠(𝜎−)]/𝐼𝑝ℎ

} = 𝐼𝑝ℎ {
𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ

1 − 𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ
}  . (6.9) 

Here, we use 𝑃𝐹𝑒  0.42 for the spin polarization of Fe. Note that Eq. (6.10) was adopted 

from Julliere TMR model, and the factor 2 in the denominator of 
∆𝑅

2𝑅𝑆𝑃𝐷
 was included to 

account for the effect of the load resistor used in our photocurrent setup. The figure of merit 

F can then be calculated as follows: 𝐹 =  ∆𝐼/𝐼𝑝ℎ = ∆𝑅/(2𝑅𝑆𝑃𝐷) = 𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ/(1 −

 𝑃𝐹𝑒|𝐼𝑠|/𝐼𝑝ℎ). The term 𝑃𝐽 = |𝐼𝑠|/𝐼𝑝ℎ is spin polarization of the photocurrent. All numerical 

calculations were implemented in MATLAB. 

In case of the ideal (half-metallic) spin tunnel contact (𝑃𝑖𝑑𝑒𝑎𝑙 = 1 instead of 𝑃𝐹𝑒  0.42) 

and assuming moderate 𝑃𝐽  (𝑃𝐽 ≪ 1, which is usually the case), the helicity-dependent 

photocurrent ∆𝐼  is approximately ∆𝐼 ≈ 𝐼𝑝ℎ
∆𝑅

2𝑅𝑆𝑃𝐷
≈ |𝐼𝑠|. In this case, the entire 

spin-photocurrent |𝐼𝑠| is converted into helicity-dependent photocurrent ∆𝐼. This condition 
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was used in Ref. 6, which led to a low estimate of the spin diffusion length 𝜆𝑠. In the present 

work, we do not assume this condition and use a realistic spin polarization 𝑃𝐹𝑒  0.42 for 

our tunnel contact. 

 

6.3 Results and discussions  

Shown in Fig. 6.3 (a) are the simulated photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 as 

functions of the active layer thickness d. Parameters used are 𝑊0  = 2.3 W/cm
2
, 𝐴  = 

6.4×10
3

 cm
2
, 𝜂 = 0.9·𝛼, 𝛼 = 10

4
 cm

1
, T = 0.68, f = 0.9, and R = 0.54. As the active layer 

thickness d increases, 𝐼𝑝ℎ  increases monotonically (reflecting the increasing total 

absorbance), and then saturates at about d = 1 μm.  

 

 

Figure 6.3 (a) Calculated photocurrent 𝐼𝑝ℎ and spin-photocurrent 𝐼𝑠 as functions of 

the active layer thickness d. (b) Calculated F as a function of d. 

This is expected since at d = 1 μm, most of the incident photons are already absorbed, and 

that any further increase in thickness only leads to a marginal increase in 𝐼𝑝ℎ. On the other 

hand, 𝐼𝑠 initially increases with d, reaches a maximum at about d  0.4 μm (marked by the 

dashed line), and starts to decrease with further increase in d. Similar with 𝐼𝑝ℎ, the initial 

increase in 𝐼𝑠 comes from the increase in total absorbance (and hence photogeneration), 

whereas the decrease in 𝐼𝑠  for d > 0.4 μm comes from the increased spin relaxation 

associated with the increase in transport distance (from the point of photogeneration to the 

tunnel contact). While the spin relaxation always increases with transport distance, for d < 

0.4 μm the increase in photogeneration is enough to offset the increase in spin relaxation, 

resulting in an overall increase in 𝐼𝑠 with d. On the other hand, d > 0.4 μm the increase in 

photogeneration starts to drop due to saturation and no longer enough to offset the increase 
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in spin relaxation, resulting in the decrease in 𝐼𝑠  with d. Therefore d  0.4 μm is the 

optimum active layer thickness that yields the maximum 𝐼𝑠, at which the balance between 

photogeneration and spin transport is achieved. 

Shown in Fig. 6.3 (b) is the calculated F as a function of d. As d increases, F 

monotonically decreases, reflecting the increasing spin relaxation (decreasing spin transport 

efficiency). This is expected since from Eq. (6.10), F directly depends on the 𝑃𝐽 [since  

𝐹 = 𝑃𝐹𝑒𝑃𝐽/(1 −  𝑃𝐹𝑒𝑃𝐽) ], and from Eqs. (6.8) and (6.9) 𝑃𝐽 has a maximum value of about 

 0.5 as d → 0, and then monotonically decreases as d increases. Nevertheless, the calculated 

F of 19% at d  0.4 μm is impressive. This value is much higher than anything reported 

(including those for vertical-type spin-PD) up to now.  

 

 

Figure 6.4 Calculated spin-photocurrent 𝐼𝑠 (a) and F (b) for 𝜃𝑓𝑎𝑐𝑒𝑡: 65° (blue), 75° 

(red), and 85° (green) as functions of the active layer thickness d.  

We have also studies the effect of the facet angle 𝜃𝑓𝑎𝑐𝑒𝑡  to the performance of the 

spin-PD. As previously mentioned, the facet angle 𝜃𝑓𝑎𝑐𝑒𝑡 can have values between 65° and 

80°, so here we have calculated the effect of an angular variation of  10° from 𝜃𝑓𝑎𝑐𝑒𝑡 ~75°. 

In the first order approximation, we can assume that all parameters are the same except those 

that have an explicit 𝜃𝑓𝑎𝑐𝑒𝑡 (and hence 𝜃𝐼𝑛𝐺𝑎𝐴𝑠) dependence. Shown in Fig. 6.4 (a) are the 

corresponding 𝐼𝑠  for three different facet angles 𝜃𝑓𝑎𝑐𝑒𝑡 : 65° (blue), 75° (red), and 85° 

(green). It can be seen that the general 𝐼𝑠 trend for the three facet angles are similar, except 

that the positions of the maximum 𝐼𝑠 tend to occur at different d values and the values of the 

maximum 𝐼𝑠 tend to slightly different. The position of the maximum 𝐼𝑠 shifts from d  

0.5μm to d  0.3 μm (marked by dashed lines) and maximum value of 𝐼𝑠 increases from  
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0.45 to mA to  0.53 mA as 𝜃𝑓𝑎𝑐𝑒𝑡  increases from 65° to 85°. These are expected 

considering that as 𝜃𝑓𝑎𝑐𝑒𝑡 increases from 65° to 85°, 𝜃𝐼𝑛𝐺𝑎𝐴𝑠 decreases from 21.4° to 11.8°, 

so that the effective optical penetration depth 𝛿𝑒𝑓𝑓 = 𝛿 ∙ sin (𝜃𝐼𝑛𝐺𝑎𝐴𝑠) also decreases. This 

means that for a large facet angle  𝜃𝑓𝑎𝑐𝑒𝑡  85°, the light inside the active layer is almost 

parallel to the wafer plane and hence a much higher absorbance is achieved for a relatively 

thinner d, hence the shift of the position of the maximum 𝐼𝑠 to a smaller d value. At the same 

time, this thinner d also corresponds to an improved spin transport (lower spin relaxation) 

which explains the increase in maximum 𝐼𝑠. 

Shown in Fig. 6.4 (b) are the corresponding F values for the three different facet angles 

𝜃𝑓𝑎𝑐𝑒𝑡: 65° (blue), 75° (red), and 85° (green). For all angles, F monotonically decreases as d 

increases. There are slight differences in the slopes of the decrease in F due to the charged 

𝛿𝑒𝑓𝑓, but for a given d, F does not vary very much with 𝜃𝑓𝑎𝑐𝑒𝑡 (for d = 0.4 μm for instance, 

F varies from about 18% to 20%). The optimum range for d is about 0.3 to 0.5 μm, for which 

𝐼𝑠 is maximized and a resulting F of about 18% to 22% is expected. In practice however, it is 

desirable to choose just one thickness d. In this case, the best choice would be d = 0.4 μm, 

which should accommodate small variation in 𝜃𝑓𝑎𝑐𝑒𝑡 without too much effect on F. 

 

 

Figure 6.5 (a) Temporal plot of the measured photocurrent 𝐼𝑝ℎ from a spin-PD with d 

= 0.4 μm for two remanent magnetization states. (b) Plot of 𝐼𝑝ℎ and F as functions of 

the wavelength of the incident beam.  

Shown in Fig. 6.5 (a) is measured photocurrent 𝐼𝑝ℎ plotted against time taken from a 

fabricated spin-PD with d = 0.4 μm, for two remanent magnetization states: magnetized 

along the +x-axis (Rem) and along the x-axis Rem. No bias voltage is applied. Step-like 

profiles can be seen in the photocurrent when the helicity of the incident beam is switched. 
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Note that for +Rem case, there is an increase (decrease) in photocurrent when the helicity is 

switched from 𝜎+  to 𝜎−  (from 𝜎−  to 𝜎+ ). Notice also that for the Rem case, the 

step-like profiles are reverse. This helicity-dependent photocurrent is a clear indication of 

spin transport. 

A slight drift, in the order of less than 1%, can be seen particularly in the –Rem data. This 

likely comes from a slight mechanical drift of a mirror (not shown) used to steer the incident 

laser beam onto the device. We estimate that the angular drift in the order of 10
-6

 deg. causes 

approximately 1% change in the photocurrent for the mirror-to-sample distance of 85 cm. 

This drift, however, is averaged out of our measurements by the designing a run sequence in 

which the helicity switched an even number of times. This kind of run sequence (e.g. σ
+
  

σ

  σ

+
  σ


  σ

+
) is an “odd” sequence (the steps from the start to half-way of the run is 

the same as the steps from half-way of the run to the end but in reverse order).  

Shown in Fig. 6.5 (b) is the wavelength dependence of photocurrent 𝐼𝑝ℎ  and spin 

conversion efficiency F. No bias was applied here as well. Note also that the power was kept 

3.6 mW for all measurements. It can be seen that 𝐼𝑝ℎ and F are maximum at λ = 900 nm (hv 

= 1.38 eV) as expected. It is assumed that at this wavelength, photons travel through the 

GaAs substrate without absorption, and absorbed only at the InGaAs active layer. Because of 

the proximity of the InGaAs layer to the tunnel contact, efficient charge and spin transport 

occurs at this wavelength. As the wavelength is increased from 900 nm to 930 nm, both 𝐼𝑝ℎ 

and F decrease. This is due to the decrease in the absorption coefficient of the InGaAs active 

layer (and hence photogeneration) for photon energies around and below the InGaAs 

bandgap of 1.35 eV (with corresponding wavelength of λ = 920 nm). As the wavelength is 

decreased from 900 nm to 840 nm, again both 𝐼𝑝ℎ and F decrease. This is due to the increase 

in the absorption coefficient of the GaAs substrate for photon energies around and above the 

GaAs band gap of 1.42 eV (with corresponding wavelength of λ = 870 nm). When photons 

are absorbed in the GaAs, due to conservation of energy, the number of photons arriving at 

the InGaAs substrate decreases. Furthermore, photogenerated carriers and spins in the GaAs 

do not contribute effectively to 𝐼𝑝ℎ and F due to the large travel distance between the point 

of photogeneration (deep inside the GaAs) to the tunnel contact. In this case, spin transport is 

affected significantly more (due to the short 𝜆𝑠 ≈ 1.3 µm) than carrier transport (with 𝜆𝑑 ≈ 

21 µm), and this qualitatively agrees with the sharp decrease in F and the relatively milder 

decrease in 𝐼𝑝ℎ as the wavelength decreases.  

An F of around  0.4% was obtained for λ = 900 nm. This value is about 4 times higher 
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than that obtained from our previous spin-PD (the simple cleaved spin-PD), yet this is still 

far lower than the value predicted in our simulations. In an attempt to increase the 

performance of the spin-PD, bias dependence of 𝐼𝑝ℎ and ∆𝐼 was also carried out. When a 

reverse (negative) bias is applied to the spin-PD, the width of the depletion region is 

increased and the built-in electric field is enhanced. This is expected to promote more 

efficient transport of spin-polarized carriers towards the tunnel contact. 

 

 

Figure 6.6 (a) Plot of 𝐼𝑝ℎ and ∆𝐼 as functions of the applied bias voltage for the 

spin-PD with d = 0.4 μm. (b) Plot of F as a function of bias. (c) Plot of the estimated 

EQE and f as functions of bias. 

Shown in Fig. 6.6 (a) is the plot of 𝐼𝑝ℎ and ∆𝐼 as functions of the applied bias voltage. It 

can be seen that when an increasing reverse bias is applied, both 𝐼𝑝ℎ and ∆𝐼 increase as 

expected. On the other hand, when a forward bias is applied, both 𝐼𝑝ℎ and ∆𝐼 decrease. The 

forward bias narrows of the width of the depletion region as well as counteracts the built-in 

electric field.  

Shown in Fig. 6.6 (b) is the plot of F as a function of bias. In contrast with 𝐼𝑝ℎ and ∆𝐼, F 

is largely independent of the applied bias with an average of about F  0.3  0.1%. This may 

seem counter-intuitive, but upon closer examination of Eqs. (6.4) and (6.8), it can be seen 

that the voltage dependent factor f cancels out when we compute for F. In the first order 

approximation, f is the only parameter with a direct voltage dependence. Note, however, that 

with a sufficiently high bias 𝜆𝑠 also changes and becomes a function of bias, but this is not 

the case here, where only mild voltages (less than 1 V) has been applied.
7,8

  

Shown in Fig. 6.6 (c) is a plot of the external quantum efficiency (EQE) as a function of 

voltage and its corresponding collection efficiency f. Since the EQE is directly proportional 

to the photocurrent (by definition EQE = number of carriers collect / number of incident 

photons), the EQE naturally follows the trend of 𝐼𝑝ℎ. The EQE is improved from 2.5% at no 

bias to 6.8% by the application of a reverse bias voltage of 0.5 V, and is reduced to 0.4% 
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with forward bias of +0.2 V. Note that the EQE of the present spin-PD is relatively low 

compared with those of conventional photodiodes of similar structure (with typical EQE of 

more than 30%),
9
 but is slightly higher than that reported for vertical-type spin-PD.

10
 On the 

other hand, the collection efficiency f here possess the same profile as the EQE, which is 

expected since EQE and f are directly proportional to each other. Furthermore, f is closely 

related to the internal quantum efficiency (IQE), with the only distinction being that the IQE 

also includes losses associated with free carrier absorption (and other transitions that are not 

band-to-band), whereas f only considers band-to-band absorption. For the present work, f 

and IQE are essentially the same. Note also that, although the f value used in the simulation 

is much higher than the experimentally measured f, but does not have an effect to the 

prediction of the model since f is cancelled in the calculation of F. 

 

 

Figure 6.7 (a) Temporal plot of the measured photocurrent 𝐼𝑝ℎ from a spin-PD with d 

= 0.04 μm for two remanent magnetization states. Profiles were vertically separated for 

visibility. (b) Plot of 𝐼𝑝ℎ and ∆𝐼 as functions of the applied bias voltage. (c) Plot of F 

as a function of bias. (d) Plot of the estimated EQE and f as functions of bias. 

It can be seen that there is a discrepancy between the F ( 0.4%) obtained in the 

simulation and the experimentally determined F ( 19%). One factor whose effect is difficult 
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to assess in our simulations is the influence of possible defect in the p-InGaAs/ p-GaAs 

interface. These defects originate from dislocations caused by lattice mismatch between 

InGaAs and GaAs. In this case the mismatch is about ∆a/aGaAs  0.38%, for which a critical 

thickness of  40 nm is expected.
11

 Since the InGaAs active layer thickness (d  400 nm) in 

the present spin-PD is greater than the critical thickness, it is expected that dislocations 

would form in the InGaAs/GaAs interface. In order to address this issue, we have also 

prepared a spin-PD from the wafer with a thinner active layer (d  40 nm) for which the 

defects should not be present. Shown in 6.7 (a) is measured photocurrent 𝐼𝑝ℎ plotted against 

time from a spin-PD with d = 0.04 μm. No bias was applied. Again clear step-like profiles 

that indicate spin transport are observed. The F  0.3% obtained here is comparable with that 

obtained from the earlier spin-PD with thick d = 0.4 μm, and no significant improvement 

was observed. This eliminates the defects from being the cause of the discrepancy between 

the simulated and experimental F. 

Shown in Fig. 6.7 (b) is the bias dependence of 𝐼𝑝ℎ and ∆𝐼. In contrast with the earlier 

spin-PD with thick d = 0.4μm, here 𝐼𝑝ℎ  only slightly increase and then saturates with 

applied reverse bias, while ∆𝐼 increases and then starts to decrease with reverse bias. This 

further supports the hypothesis that the defects were significantly reduced (if not eliminated) 

by using a thinner active layer. Since there are no defects in the InGaAs/GaAs interface, even 

without bias, most the photogenerated spin-polarized carriers are already collected by the 

tunnel contact. Application of reverse bias only increases 𝐼𝑝ℎ slightly since there are no 

more additional carriers to be collected. On the other hand, if there are defects in the 

InGaAs/GaAs interface, application of reverse bias would improve 𝐼𝑝ℎ and ∆𝐼, since the 

enhanced built-in electric field would counteract the carrier diffusion towards the defects, 

which is exactly what we observed with the spin-PD with thick d = 0.4μm. 

Shown in Fig. 6.7 (c) is the bias dependence of F. We observe once again that F is nearly 

independent of the applied bias. More importantly, we note that F has an average value of  

0.3  0.1%, which is comparable to that from the spin-PD with thick d = 0.4μm. 

Shown in Fig. 6.7 (d) is the bias dependence of the EQE and f. Note again that the both 

EQE and f are proportional to 𝐼𝑝ℎ by definition and hence have the same profile. What is 

interesting to note here is that, although EQE is low at about 1.4% at its highest owing to the 

low absorbance of the thin active layer, the f of about 8% at no bias is higher compared to 

that from the spin-PD with thick d (f  4% at no bias). This is again consistent with the 

hypothesis that the defects are significantly reduced in the spin-PD with thin d = 0.04μm. 
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These results suggest that the origin of the low experimentally F is found elsewhere. 

Going back to the simulation, this time instead of using 𝑃𝐹𝑒  0.42, we treat 𝑃𝐹𝑒 as a fitting 

parameter to fit the simulation to the experimental F. From this, a 𝑃𝐹𝑒 of about 1% was 

extracted. This means that in order to explain our experimental, we have to assume an 

effective spin polarization of 1%, which is 40 times lower than the literature value. This 

suggests that the quality of the Fe/AlOx tunnel contact is poorer than what we expected. 

Incidentally, in an earlier report, poor spin-transport was also observed that for a 

NiFe/Al2O3/p-GaAs vertical-type spin-PD.
12

 The paper did not state any conclusion on the 

cause of the poor spin-transport, but it should be noted that in their spin-PD the NiFe and 

Al2O3 were not crystalline. It can therefore be inferred that low F in the present work is 

caused by the poor crystalline property of the Fe/AlOx tunnel contact. Consequently, this 

also means that depositing the Fe/AlOx epitaxially should significantly improve the F. This, 

however, is outside the scope of the present work and is left for future study. 

Lastly, for completeness, let us address the possible issue of MCD in our spin-PD. Due to 

the structure of the spin-PDs in the present study (where light is incident to the active layer 

from below), we can expect that the effect of MCD to F is much less significant than that of 

typical vertical-type spin-PDs (where light is transmitted through the ferromagnetic metal 

contacts). The only conceivable contribution of MCD would come from photons reflected 

off the top ferromagnetic metal contacts [from the 𝛷2 term in Eqs. (6.4) and (6.8)]. Photons 

arriving into the active layer from below [the 𝛷1  term in Eqs. (6.4) and (6.8)] cannot 

possibly possess an MCD component. Based on our previous study (discussed Ch. 5), where 

a similar top metal contact structure was used, the contribution of MCD to F is in the order of 

 0.5 % for oblique angle incidence. This value agrees with MCD estimates from other 

works.
10

 Let us first assume that the effect of MCD in present study is of comparable 

magnitude to that of our previous study (in the order of 0.5 %). For the spin-PD with thick (d 

= 0.4 μm) active layer, we estimate that, of the photons arriving at the active layer, 69.5 % 

are absorbed during the first pass (𝛷1), 14 % are absorbed by the top metal layers, 11.5 % are 

absorbed during second pass (𝛷2), and 5 % escape without being absorbed. If we apply the 

MCD to the 𝛷2 portion, we expect an MCD contribution to F of about 7.1×10
-4

. For the 

spin-PD with thin (d = 0.04 μm) active layer, we estimate that, of the photons arriving at the 

active layer, 11.2 % are absorbed during the first pass (𝛷1), 40.8 % are absorbed by the top 

metal layers, 5.4 % are absorbed during second pass (𝛷2), and 42.6 % escape without being 

absorbed. If we now apply the MCD to the 𝛷2 portion, we expect an MCD contribution to F 

of about 1.6×10
-3

. For both thin and thick spin-PDs, the MCD contribution is expected to be 
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small compared to the experimentally measured F, which suggest that F is primarily due to 

spin transport. One may argue that if the MCD is say 3 % (an inconceivably high MCD 

value) then the MCD contribution to F would be around 0.4 % for the thick spin-PD. This, 

however, does not explain why the experimental F for both thin and thick spin-PDs are both 

around 0.4 % (the MCD contribution to F for the thin spin-PD would have to be at least 

0.8 % in this case).  

 

6.4 Conclusions 

Here, we have proposed and demonstrated a novel Fe/AlOx/p-InGaAs Schottky 

spin-PDs design with a refracting facet. An F of 0.4% has been experimentally achieved 

from measurements of the fabricated refracting-facet spin-PDs, which is the highest value 

so far for purely lateral spin-PDs. In addition to experiments, a simulation model for the 

refracting-fact spin-photodiode involving the optical selection rules, carrier and spin 

collection probability, and spin-dependent tunneling, has also been developed. Simulation 

results show that a potential F up to 19% is potentially achievable for the proposed spin-PD 

design. A comparison of the simulation and experimental results suggest that the quality of 

the Fe electrode is poor, and that an improvement of the electrode quality will lead to a 

significantly enhancement in the F. 
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7. Conclusions  

In this study, the performance of a cleaved edge Fe/AlOx/p-GaAs Schottky junction 

lateral spin-PD has been investigated. In addition to conventional sidewall illumination 

experiments, oblique angle surface illumination measurements were also carried out. The 

spin conversion efficiency F has been determined to be 0.1% for sidewall illumination and 

1.3% for oblique angle illumination. A simulation model incorporating the optical selection 

rules, drift-diffusion change and spin transport, and spin dependent tunneling has also been 

developed. Simulation results shows a good match between the experiment and simulation 

results for oblique angle illumination. Further comparison of the experimental and 

simulated results reveals that the low F for sidewall illumination is cause either by the 

damage in the AlOx tunnel barrier at the cleaved edge or by magnetic edge curling. With 

this, we have successfully experimentally determined the origin of the low F in 

cleaved-edge spin-PDs and developed a device model for lateral spin-PDs. 

Furthermore, a novel Fe/AlOx/p-InGaAs Schottky spin-PDs design with a refracting 

facet has also been proposed and experimentally demonstrated. An F of 0.4% has been 

experimentally achieved from the fabricated refracting-facet spin-PDs, which is the highest 

value so far for purely lateral spin-PDs. In addition to experiments, a simulation model for 

the refracting-fact spin-photodiode involving the optical selection rules, carrier and spin 

collection probability, and spin-dependent tunneling, has also been developed. Simulation 

results show that a potential F up to 19% is potentially achievable for the proposed spin-PD 
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design. A comparison of the simulation and experimental results suggest that the quality of 

the Fe electrode is poor, and that an improvement of the electrode quality will lead to a 

significantly enhancement in the F. With this, we have successfully modelled and 

implemented an improved design for lateral spin-PDs. 

Our results suggest that, in order to further improve the performance of the spin-PDs in 

general, additional studies at improving the quality of the spin dependent tunnel contact is 

necessary. At the present study, only an MBE grown AlOx tunnel barrier has been used, but 

perhaps the use of more novel tunnel barrier materials such as MgO and MgAl2O4 might 

yield better results. In particular, MgAl2O4 has two advantages: it exhibits a spin-filtering 

effect when paired with an Fe electrode, and it has a close lattice parameter with both Fe 

and GaAs These make MgAl2O4 a prime candidate for tunnel contact to GaAs based 

spin-optoelectronic devices. 
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