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Abstract 

Scanning photocurrent microscopy (SPCM) has shown much promise as a means for direct and 

efficient measurements of carrier lifetime and diffusion in novel semiconductors including 

topological insulators. High spatial resolution and electrical sensitivity in these setups has made 

detection of properties such as diffusion length routine. Degenerately doped Si with a surface 

oxide are often used as back-gating substrates for thin films or flakes of the materials. However, 

the high photocurrent of the silicon often complicates the elucidation of the same photo 

responses in thin films/flakes. Here, we present SPCM measurements of a degenerately doped 

silicon substrate. After buffered HF etching of the surface oxide, Cr/Au electrodes were defined 

via thermal evaporation through a shadow mask, resulting in a device of 25 µm channel width 

between two back-to-back Schottky contacts. An elevated PC was measured in the regions near 

the electrodes at zero bias voltage, indicating a diffusion current. The experiment has shown the 

structure as a viable platform for SPCM measurements of thin topological insulators under 

continuous back gate tuning. 
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Introduction 

Topological insulators have been a major focus of study in condensed matter physics, due 

in part to their promise for fields such as quantum computing and spintronics. Distinct from 

ordinary band insulators, a three-dimensional (3D) topological insulator (TI) has an insulating 

bulk and a topologically protected surface state characterized by Dirac band dispersion and a 

helical spin texture [1].  It has been shown that the spin-momentum locking that exists in the 

topological surface states protects it against nonmagnetic backscattering [2] [3] [4]. The spin-

momentum locking in the topological surface state suggests that TIs can act as materials for 

highly efficient generation of spin polarization controlled by a charge current flow. However, the 

mechanism of charge current-induced spin polarization has not been fully understood. Several 

recent experiments have shown that photocurrent measurements on TIs have promise towards 

fully elucidating the relationship between spin-momentum locking and current-induced spin 

polarization [5]. Particularly, spatially-resolved photocurrent (PC) measurements on TIs have 

shown evidence of millimeter-long transport of excitons on the surface of three-dimensional TIs 

[6]. The “exciton condensate” may find novel applications in spintronics and quantum 

computing. 

In spatially-resolved photocurrent measurements, a laser spot is used to excite charge 

carriers in the material into a non-equilibrium state. The electrons and holes then undergo 

thermal relaxation, recombination, diffusion and drift within the material. When the carriers 

reach an electrode, they recombine and produce a PC. The laser spot can be scanned across the 

sample in two dimensions, with the PC measured at each point. This allows for the creation of a 

spatial map of the PC relative to the location of the excitation, with resolution up to the 

diffraction limit. This map can provide a range of quantitative information on optoelectronic 
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properties in the material, particularly minority carrier diffusion length, doping concentration 

profiles, and internal electric field distribution [7].  

In experiments studying the PC in topological insulators, degenerately doped silicon 

wafers with a silicon dioxide layer are often used as the substrate as they allow for continuous 

back-gate tuning with the silicon dioxide layer acting as a gate dielectric. These silicon wafers 

can present several issues in the PC measurement. A notable issue is the penetration of the light 

to the opto-electronically active silicon substrate, which then contributes significantly to the 

observed PC. Our experiment seeks to obtain the PC map of doped silicon, so as to provide a 

basis for the subtraction of any trans-dielectric effects in experiments on TIs. 

 The relative conductivity of TIs also presents an issue to successful experiments 

measuring PC. High bulk conductivity results in a low signal-to-noise ratio. Our experiment 

demonstrates common techniques to improve the signal-to-noise ratio in optical measurements, 

particularly chopping the excitation and measuring the signal with a lock-in amplifier.  

We also investigate the relationship between the nature of the sample/electrode contact 

and the PC. TIs generally make Ohmic contacts with metals, however, strong band bending may 

occur near the junction. This band bending creates energy profiles similar to the 

semiconductor/metal contacts that produce Schottky junctions. We hereby demonstrate the effect 

of a back-to-back Schottky junction on observed PC. 

In this thesis, we first present some background on the significance of PC measurements 

on TIs, followed by a theoretical description of the mechanism of minority carrier diffusion in 

semiconductor devices, and a description of the I-V characteristics expected for the Schottky 

contacts on the sample. We then describe the method of our experiment, with focus on the 

sample fabrication and optoelectronic measurements. We then describe our experimental results, 
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and analyze them to obtain the diffusion length of the minority carriers in the doped Si. Lastly, 

conclusions and outlooks for future measurements on TIs are presented.  
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Background 

Current-induced Spin Polarization in Topological Insulators 

TIs are insulating in bulk, but have a conducting topological surface state (TSS) where 

the spin orientation is always orthogonal to the momentum. When a current is applied, the net 

momentum of charge carriers is oriented in a particular direction, which simultaneously creates a 

spin polarization due to the coupling between spin and momentum known as spin-momentum 

locking [8].  

Recent debate over experimental results has questioned whether the origin of current-induced 

spin polarization is truly the spin-momentum locking in the topological surface state, rather than 

other sources such as the strong spin-orbit interaction in the bulk states or the Rashba spin-orbit 

interaction in the topologically trivial 2D electron gas [9] [10] [11]. In practice, the contribution 

of conducting bulk states can be reduced through use of very thin samples, control of Fermi 

energy through doping, and by applying back-gate voltages [12]. The techniques available that 

can separate the effect of the 2D 

electron gas from the 

topological surface state are 

more limited.  

One possible technique to 

distinguish their respective 

contributions is the photo-

induced inverse spin Hall effect 

(PISHE) [13]. In this effect, 

circularly polarized light 

generates spin polarized carriers, which induce a pure spin current in the material. This spin 

Figure 1: Minimization of bulk contribution through defect 

control, band structure engineering, and electrostatic gating. 

Reproduced from Dr. Peng Xiong. 



	 9	

current is then converted into an electric voltage by the inverse spin Hall effect. Experiments 

studying this effect in TIs have shown that the 2D electron gas and the topological surface state 

both exhibit the PISHE, but with opposing signs [5]. This allows the contributions to the spin 

polarization of the topologically trivial 2D electron gas and the topologically nontrivial surface 

state to be separated through measurement of helicity dependent PC and the photo-induced 

inverse spin Hall voltage. This distinction can confirm the activity of the topological surface 

state, which was previously only confirmed through the demonstration of a linear Dirac 

dispersion using angle resolved photoemission spectroscopy [14]. The helicity independent PC 

can then be used to verify the current induced spin polarization. The PC response of a TI is given 

by 

� = ����2� + �+���4� + �−���4� + �0 ,                (1) 

where J is the photocurrent response, φ is the phase angle of the polarization, C, L1 and L2 are 

coefficients for different modes of helicity dependent PC, and J0 is the helicity independent 

photocurrent. [5] The first term gives the helicity dependent PC that is detected as the photo-

induced inverse spin Hall effect. This term can be used to verify the activity of the topological 

surface state. J0, the helicity independent PC, tends to dominate, and can be used to investigate 

the current induced spin polarization. 
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Minority Carrier Diffusion and Recombination in Semiconductors  

Scanning photocurrent microscopy (SPCM) as a measurement technique requires understanding 

of the behavior of charge carriers, particularly how they are generated, transported, and 

collected. The photocurrent itself can be generally modeled as the separation and diffusion of 

photo-excited charge carriers. The behavior of these carriers can be described by the continuity 

equation 

+

1

23

24
= � − � −

+

1
� ∙ �	 ,                (2) 

 

Figure 2: (A) Schematic drawing of a spatially 

resolved PC measurements. The blue circle with 

arrows on the top surface indicates the PISHE effect 

current from the TSS of Bi2Se3 when the sample is 

under the illumination of circularly polarized light, 

while the pink circle with arrows inside the Bi2Se3 film 

indicates the PISHE current from the 2DEG. (B) The 

PC measured at 77 K as a function of the phase angle 

φ under normal incidence when the light spot is at 

point B. The solid line (black) is the fitting curve 

using eq 1. The dotted lines (blue and green) and the 

dashed lines (red) are the ALPGE and PISHE 

current, respectively. The dashed-dot line indicates 

the background current J0. Reproduced from figures 

1a and 1c of [5]. 
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where � is the charge density, e is the charge of the electron, G is the carrier generation rate, R is 

the carrier recombination rate, and � is the current density. This equation can be kept simple by 

assuming the all of the carriers are minority carriers. This assumption is valid for photocurrents 

so long as the internal electric field is small and there is a Schottky barrier at the electrode where 

the carriers are being collected. With this in mind, we can begin to derive the diffusion length of 

the minority carriers from the continuity equation. The minority carrier recombination rate is 

expressed as  

� =
∆3 

>
 ,                (3) 

with ∆� representing the density of excited minority carriers (∆� = � − �?≅ΑΒ) and � is their 

lifetime. The current density has a diffusive component and a drift component, described by 

� = ���� − ���� ,                (4) 

where � is the mobility of the minority carriers, D is the minority carrier diffusion coefficient, 

and � is the electric field. Combining these terms in the continuity equation, with G = 0 outside 

of the excitation region, leaves 

2∆3

24
= −

∆3 

>
−

+

1
� ∙ (���� − ����) ,                (5) 

This equation can be easily solved in one dimension, and the behavior of the one dimensional 

solution holds in two dimensions. When the internal electric field is taken to be zero, the steady 

state solution (
2∆3

24
= 0) becomes 

�
2Κ∆3

2ΛΚ
−

∆3 

>
= 0 ,                (6) 

∆� = ∆�0�
ΜΝ

Ο  ,                (7) 
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where � = �� is the carrier diffusion length and ∆�0 is the excited carrier density at x = 0. 

Finally, the diffusive PC can be described by  

� = −��
2∆3

2Λ
∝ �

ΜΝ

Ο  ,                (8) 

The PC therefore decays exponentially as the distance between the excitation source and the 

collecting electrode increases. The diffusion length can then be calculated through an exponential 

fitting of the spatially resolved PC data. 

Expected Current-Voltage Relationship  

The current-voltage (I-V) characteristics for a semiconductor/metal junction are well understood. 

When the semiconductor and the metal come into contact, they undergo band bending in the 

region near the junction, allowing the Fermi level to remain constant in the device. For a p-type 

semiconductor where the work function of the metal is less than the work function of the 

Figure 3 (A) Schematic depiction of location of excitation relative to collection electrodes, (B) 

normalized photocurrent predicted for local and nonlocal excitation positions, with location 

reference under x axis. Both exhibit exponential decay. In the case of the local excitations, 

minority carriers diffuse in two directions, and are collected by both electrodes. When the 

excitation position is at a midpoint between the two electrodes, the minority carriers diffuse 

equally to both electrodes, and no photocurrent is detected. 

(A) 

(B) 
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semiconductor, a characteristic 

energy profile known as a Schottky 

barrier is formed. A depletion 

region is formed as the charge 

carriers in the to equalize the Fermi 

level in the metal and the 

semiconductor, creating a depletion 

(space charge) region with a built-

in potential and electric field. The 

built-in electric field in depletion region can serve to separate an electron-hole pair produced by 

photoexcitation, assisting the collection of the carriers and yielding a larger PC than that of 

Ohmic junctions, which lack both depletion region and a built-in electric field, and have linear I-

V characteristics.  

The current through the Schottky junction depends on the voltage bias applied to the system. 

When the junction is forward biased, the barrier between the semiconductor and the metal gets 

smaller, and the number of charge carriers with enough energy to cross the barrier increases, 

creating a large current described by  

� = �0(�
ΘΡ

ΣΤ − 1), V > 0. ,                (9) 

When the junction is reverse biased, the barrier increases, and the current saturates following 

� ≈ �(�
ΜΘ(WΞ)

ΣΤ ), V < 0, ,                (10) 

Figure 4 (A) Energy profile of a p-type 

semiconductor/metal junction. Note the barrier height �Ζ 

(B) I-V curve of a Schottky Barrier, with leakage current 

under reverse bias and a large breakdown current 

(A) (B) 

Φ∴  
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where Φ∴ is the barrier height in the Schottky junction. These forward and reverse bias effects 

make the Schottky barrier act as a diode, allowing current to pass freely in one direction, while 

opposing current in the opposite direction.  

Experimentally, we are required to create at least two electrical contacts to measure the intrinsic 

properties of a sample. This results in 3 cases for the nature of either contact: Both contacts can 

be Ohmic, both contacts can be Schottky, or one contact can be Ohmic while the other is 

Schottky. Theoretically, the nature of the contacts is determined by the relationship between the 

work functions of the metal and semiconductor, and whether the semiconductor is n-type or p-

type. The specific relationship is depicted in Figure 5B. However, there can be many more 

factors that influence the contact. In realistic conditions, reactions between the metal and the 

semiconductor, contaminations at the interface, and defects in the crystal structure at the junction 

all have an effect. This is a major challenge in reliably producing contacts that have one property 

or another. 

 

If both contacts are Schottky contacts, the result is a back-to-back Schottky device. Any 

voltage applied to this back-to-back diode manifests as forward bias in one junction and reverse 

bias in the other. This has the effect of creating an I-V curve that saturates in both directions, 

Figure 5 (A) Ohmic Vs. Schottky for n-type and p-type semiconductor/metal junctions (B) 

Energy band diagrams for semiconductor/metal junctions. Reproduced from Wikimedia 

 n-type p-type 

Φ] > Φ_ Schottky Ohmic 

Φ] < Φ_ Ohmic Schottky 

 

(A) (B) 
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with the shape dictated by the barrier height of the junction under reverse bias. The PC in such a 

structure at zero bias is not affected in the same way, however, as it can occur even when no 

voltage is applied because the excited carriers themselves have enough energy to cross the 

barrier. Photocurrent measurements are best performed with one Schottky contact. The barrier 

from the Schottky contact prevents most thermally excited carriers from passing the barrier, 

while allowing higher energy photo excited carriers to pass. 

 

 

Figure 6 (A) Temperature dependent I-V curves show back-to-back Schottky 

barrier behavior. Negative bias corresponds to the reverse bias of one Schottky 

contact, while positive corresponds to the other. Reproduced from figure 4 of 

[15] (B) Equivalent circuit for back-to-back Schottky junctions around a 

sample resistance. Reproduced from Figure 2 of [16] 

(A) (B) 
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Experimental Methods  

Device Fabrication 

The fabrication of our silicon devices took place in three main steps, wet etching, thermal 

evaporation, and contact formation. Our samples were made of Boron-doped (7.226x10
17

 cm
-3

) 

silicon wafers, 500 µm thick with 300 nm of silicon dioxide grown through thermal oxidation. 

The wafers were purchased from University Wafers. This silicon dioxide layer was stripped 

away through wet chemical etching in 49% HF solution for 180 seconds, leaving behind bare 

silicon. These silicon wafers were then stored in a nitrogen purged glovebox to prevent 

oxidation. 

Following the HF etching, the wafers were sonicated in acetone for 5 minutes, sonicated in 

isopropanol for 5 minutes, and blown dry in nitrogen gas 

to remove any dust or particulates. Samples were prepared 

for evaporation using several prefabricated shadow masks 

with uniformly sized contact pads separated by a channel 

of width ranging from 18-100 µm, placed directly against 

the surface of the silicon and fixed in place by carbon tape. 

The sample was then loaded into a high-vacuum thermal 

evaporator. The vacuum chamber was pumped to reach a 

base pressure of 7x10
-7

 Torr. At this pressure, we 

evaporated 5 nm of Cr and 30 nm of Au. The Cr layer is 

often used when evaporating Au onto Si, as the adhesion 

between Au and Si is weak which can lead to delamination 

of the Au film. We then used silver paint to fix 18-µm 

Figure 7 Schematic diagram of 

sample geometry. Top: objective 

lens and sample stage reproduced 

from figure 3 of [7]; Bottom: Cr/Au 

pattern created by a shadow mask. 
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diameter Pt wire to the Au contacts on one end, and to our PC electrical measurement stage on 

the other. 

I-V Characterization 

To characterize the I-V relationship, we connected our sample to an HP 34401 multimeter and a 

Keithley 2400 source meter. These were used to perform a standard two-terminal I-V curve 

measurement by applying a voltage through the Keithley source, and measuring the resultant 

current through the HP multimeter. These I-V curves confirmed the quality of the connections to 

the sample, and demonstrated the nature of the contacts between the metal and semiconductor.  

4-terminal measurements on the silicon were also performed to measure the sample’s resistance. 

In addition, several IV measurements were taken with a highly conductive indium back contact 

to verify individual contacts demonstrated the IV characteristics of single Schottky contacts.  

 

Scanning Photocurrent Microscopy 

The experimental setup of the scanning photocurrent microscope is a home-built device located 

in the laboratory of Prof. Hanwei Gao. The device uses light from a supercontinuum laser, 

filtered through an acousto-optic tunable filter, giving a wavelength of 600 nm. The light is 

Figure 8 Cr/Au contacts on the surface of a silicon substrate with an indium back contact. 
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focused onto a motorized XYZ stage using a confocal microscope with a 50x objective lens. The 

light is then raster-scanned across the sample using a pair of electronically controlled X-Y Galvo 

mirrors. A chopper creates fixed frequency interruptions in the light beam to create an alternating 

PC that is detected by a lock-in amplifier to improve the signal-to-noise ratio. The sample itself 

is connected in series with a fixed limiting resistor (R>>Rs) to allow calculation of the PC from 

the voltage across the fixed resistor measured by the lock-in amplifier. Reflection of light is also 

measured by Si/InGaAs photodiodes. The signals from the lock-in amplifier and the photodiode 

are collected by a Keithley 4210-SCS. The Galvo mirrors and tunable filters are controlled by a 

LabVIEW program, which also records outputs from the Keithley 4210. These signals can be 

combined to create a spatial map of the PC and reflectivity data, which correlated to tie the PC to 

the geometries of the sample.  

Figure 9 (A) Schematic diagram of the 

SPCM setup. Reproduced from figure 2-

1 of [17] (B) Picture of the scanning 

photocurrent microscopy setup. 

Labelled (1) Supercontinuum source and 

Filters (External) (2) Galvo Mirrors (3) 

Chopper (4) XYZ Stage (5) Reflectance 

Photodetector (6) Camera. 

(A

) 

(B) 

(3) 
(2) 

(4) 

(1) 

(5,6

) 
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Results and Discussion 

I-V Relationships 

The semiconductor/metal junctions demonstrate Schottky characteristics, as expected from a p-

type semiconductor with a work function higher than the metal it is in contact with. The two 

terminal I-V measurements with one connection on the evaporated gold contact and another on 

the large indium back contact (Figure 9) show a textbook Schottky I-V curve (Figure 4B) 

The differences in slopes under forward bias reflect the differences in contact resistance of each 

contact, stemming from the differences in contact size and quality. Considering Equation 10, we 

can also see the effect of the different barrier heights within each junction. Smaller barrier energy 

allows a larger magnitude of leakage current, because more charge carriers will have the thermal 

Figure 10 (A) Optical image of Cr/Au contacts on Si. (B) I-V curve for 

different Cr/Au contacts on Si with a large indium back contact. Schematic 

is shown in Figure 8. Colored symbols correspond to the color schems in 

the picture on left. 

I-V curve Cr/Au contact, Indium 

Backing 
(A) (B) 
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energy to overcome the barrier. When we realize more control over the size and quality of the 

contacts, we see that the I-V curves become more similar.  

When we combine two of these Schottky contacts, we see the nature of the back-to-back 

Schottky diode. One of two Schottky junctions in a back-to-back Schottky diode is always under 

reverse bias. This has the effect of keeping the I-V current in the leakage current region as 

described by equation 10. This effect is demonstrated in figure 12. 

 

 

Figure 11 (A) Cr/Au front contacts on Si with more uniform size. (B) I-V curve for uniform 

Cr/Au contacts with indium back contact. Colored symbols correspond to the color schems in 

the picture on left. 

(A) (B) 
I-V curve Cr/Au contact, Indium Backing 
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Local/ Nonlocal SPCM under Zero Bias 

Our local and nonlocal PC measurements both match the predicted graphs well. As shown in 

Figure 13, we can clearly see the exponential decay of the PC with increasing distance of the 

excitation spot in the nonlocal case. In this, we choose to only consider the decay in the region 

some distance away from the Au/Si junction. When we approach the junction, our assumptions 

about the electric field being zero are no longer valid. This may be because our excitation source 

is entering the depletion region, where there is a built-in electric field. The inaccuracy may also 

stem from the poorly defined junction edge. When using a shadow mask, it can be difficult to get 

as good of an edge compared to techniques using lithography. However, we are not able to 

perform photo- or electron-beam lithography on TIs without damaging the topological surface 

state, so we must make do with a shadow mask. 

Schottky/Schottky 

Schottky/Ohmic 

Schottky/Ohmic 

Schottky/Schottky 

Ohmic/Schottky 
Ohmic/Schottky 

Figure 12 An example of a back-to-back Schottky contact. The low-level currents are 

from reverse biasing. Green and black are only reverse biased (Schottky/Schottky), 

while blue, red, gold, and pink have both forward and reverse biases. 
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The slope of the semi-log plot in figure 13B gives us a diffusion length of 6.6 µm, following 

Equation {8}. This is consistent with the diffusion length of PC in silicon, which can range from 

0.1-10 µm per prior experiments [7]. 

In the local measurements, PC diffuses equally in all directions, given there is no internal electric 

field. Therefore, when the excitation source is on the line bisecting the channel, we observe a 

minimum in the PC (Figure 14). 

 

20 30 40

0.36788

1

2.71828

Nonlocal measurements with zero bias voltage 

Figure 13 (A) a line scan of the PC near a contact, with optical reference on the x axis. The gold region 

corresponds to Cr/Au, while the grey region corresponds to Si (B) a semi-log plot of the part of the PC over 

distance, demonstrating the exponential decay of the PC. The slope of this line gives the diffusion length L = 6.6 

µm. 

(A) (B) 

L
o
g
(p

h
o
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Local/Nonlocal SPCM under Finite Bias 

When we apply bias on a sample, we create an internal electric field that induces a preference in 

the direction of the motion of the charge carriers within the sample. This preference manifests 

itself in a shift in the PC based on the direction the bias is applied. This is exactly what we 

observed. 

We observed a general shift in the minimum PC in the local measurements based on the 

magnitude and direction of applied bias. This has the effect of creating a major peak and a minor 

peak. As the voltage is increased in either direction, the minor peak is overwhelmed by the major 

peak, eventually dropping out entirely. 

The nonlocal measurements were essentially manifested in the same way, though it is not 

immediately clear from the graph. We observed an increase in the PC in the nonlocal 

measurements under negative bias, and a decrease in the PC under positive bias. This pattern 

follows that of the local PC located at X = -10 µm. The changing signal is most apparent in the 

Figure 14 (A) Photocurrent in the channel between the two electrodes. Note the dip at the center 

between the top and bottom electrode where the minority carriers diffuse equally toward the top 

and bottom electrode. Picture on left is a reference for the position of the laser spot at each point 

(B) the reflectivity of the sample. serves as a reference for the location of Au and Si on the 

sample. 

(A) (B) 
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changing signal-to-noise ratio shown in the local measurements. As signal decreases, so too does 

the signal-to-noise ratio. 

  

Figure 15 Local and nonlocal measurements of photocurrent under 

varying biases. Blue corresponds to a positive bias, green to zero bias, 

and red to negative bias. The Y offset is for visual effect only. 
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Conclusion 

We have demonstrated the successful implementation of scanning photocurrent microscopy on a 

well-studied system using doped semiconductors. The experiments evidenced the efficacy of this 

setup for elucidating a wide range of information of novel semiconducting materials. The 

capabilities of SPCM go beyond the routine measurement of optoelectronic properties. If we can 

implement the experiment at cryogenic temperatures, the SPCM can be employed to distinguish 

the origin of current induced spin polarization in TIs, separating the effect of the topological 

trivial 2D electron gas from the topological nontrivial surface state that makes TIs so interesting. 

It can also be utilized to study the diffusion of excitons in the topological surface state, a 

necessary step towards applications in spintronics and possible implementation of a topological 

quantum computer. 
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