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The ability to accurately track light beams in a given space is highly desired for myriad applications e.g.,

laser cutting, welding, interferometry, sensing, optical tweezers, free space optical communications, and

more. Typically, achieving this goal in the short wave infrared requires the use of a cumbersome

and expensive InGaAs photodetector implemented as a four quadrant (4Q) device. In this paper,

we experimentally demonstrate an attractive approach by implementing a cost effective novel

silicon based plasmonic 4Q photodetector. Our 4Q photodetector is implemented using a CMOS

compatible plasmonic enhanced IPE Schottky photodetector and can operate in the short wave

infrared band, where conventional silicon photodetectors cannot detect light. We have

demonstrated the operation of the device and were able to accurately track optical beams of various

beam waists at telecom wavelengths. The demonstrated device is based on standard materials and

fabrication techniques which are common in the CMOS industry. As such, it provides an additional

important example for the potential of plasmonics in the realization of chip scale novel devices

which can be integrated with multiple other functionalities. Published by AIP Publishing.
https://doi.org/10.1063/1.5050340

The field of plasmonics is gradually moving towards

mitigating challenging applications in physics, engineering,

chemistry, biology, medicine, materials science, environ-

mental science, and more.1–8 One of the reasons for the flour-

ishing of surface plasmon polaritons (SPPs) as an applied

research topic is the ability to integrate several properties

and functionalities in one chip with no need for using com-

plex fabrication techniques and materials. On the one hand,

SPPs offer important optical capabilities, e.g., light guid-

ing,9,10 filtering,11–13 and beam focusing.14,15 On the other

hand, SPPs also provide interesting electronic features such

as light detection and electrical signal guiding.16–20 These

combinations of optical and electrical capabilities are inher-

ent in the case of plasmons because the metal-dielectric

interface is used.

One of the applications that could potentially benefit

from SPPs is the ability to precisely determine the position

of a light beam relative to a surface. Typically, to determine

the position of a beam of light, one would use a structure

known as a four quadrant (4Q) detector, in which four photo-

detectors are closely integrated. By comparing the photocur-

rent in each of the four photodetectors, the beam position

can be found. In this work, we design, fabricate, and charac-

terize a plasmonic 4Q photodetector and demonstrate its

capabilities. This device combines electric and photonic

properties—light guiding, focusing, and photodetection. The

device is implemented in standard complementary metal

oxide silicon (CMOS) technology and is operated in the

short wave infrared (SWIR) regime. As such, it can be used

as a cost-effective solution which allows accurate beam

positioning at the SWIR, even for wavelengths above the

detection cutoff of silicon.

To find the relative position of a light beam, an appara-

tus known as a four quadrant (4Q) photodetector is com-

monly used. The 4Q detector consists of four closely spaced

photo-detectors. Four detectors are needed to grasp informa-

tion regarding the beam position in each axis (positive and

negative directions of the x-and y-axes). In commercial prod-

ucts (such as Ref. 21), a 4Q detector is implemented using

volumetric or PN junction photodetectors. In the latter case,

each photodiode takes the shape of a quarter of a circle. So,

the photocurrent is generated all over the detector area. The

position of the beam relative to the center of the 4Q detector

can be found using

xpos /
I1 þ I2ð Þ � I3 þ I4ð Þ
I1 þ I2 þ I3 þ I4

; ypos /
I1 þ I3ð Þ � I2 þ I4ð Þ
I1 þ I2 þ I3 þ I4

;

(1)

where Ij is the current from the Ijth detector and the axis ori-

gin is at the center of the 4Q detector.

In this work, we demonstrate numerically and experi-

mentally a 4Q photodetector at the wavelength of 1.55 lm.

Our 4Q photodetector is implemented by the concept of the

plasmonic-enhanced Schottky photodetector based on the

internal photoemission (IPE) process. Such photodetectors

are the subject of extensive research over the last few

years.1,9,22–32 The operational principle of our device is as

follows. Light impinges on the device and can couple to

SPPs at the metal edges in two regions (i.e., it can be coupled

through edge A and/or edge B, Fig. 1(a), depending on the

beam position). By the IPE process, hot electrons are gener-

ated in the metal. These electrons can overcome the

Schottky barrier and be collected as a photocurrent in thea)Author to whom correspondence should be addressed: ulevy@mail.huji.ac.il
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silicon. More information regarding the concept of IPE based

photodetection is provided in the supplementary material.

Next, we elaborate on the photocurrent generation in

each region.

The first region of SPP coupling is the edge of the

metal which is located on top of a silicon layer [A in Fig.

1(a)]. This region is designed to generate photocurrent by

coupling the incident light to SPPs at the edges of the

metal. This region is designed for a large beam impinging

on the 4Q (see details below). The induced photocurrent is

directly proportional to the beam intensity. The second

region [B in Fig. 1(a)] is designed as a pincushion shape

(see more details in Ref. 33). The pincushion is designed to

focus the SPPs to a focal point on the air-metal interface.

At the focal point, a subwavelength grating is fabricated

with the goal of coupling the SPPs from the air-metal to the

interface between the metal and the silicon below it, where

photocurrent is generated. Due to focusing, a small move-

ment of the beam will have a significant change in the

induced photocurrent.33 In our simulations and experimen-

tal results, a circular polarized light was used to verify

equal coupling to surface plasmons in each of the four

photodetectors.

The goal of this work, on top of demonstrating a plas-

monic 4Q detector, is to study experimentally the efficiency

of these two regions as a source of photocurrent generation.

To have a better understanding regarding the operation

concept of our 4Q detector, we calculated the expected pho-

tocurrent as a function of the beam position. First, we only

consider the edge coupling [point A in Fig. 1(a)]. Assuming

that a Gaussian beam impinges on the edge of the metal, the

expected photocurrent profile (i.e., photocurrent as a function

of the beam position) can be found by convolving the beam

profile with the metal edge. The metal edge is modeled as a

delta function in one direction (e.g., y-direction) and as a

rectangular in the other direction (e.g., x-direction). The

expected current profile of each photodetector can be

written as
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where yj is the position of the photodetector, x0 is the beam

waist, w is the width of the silicon detector [see Fig. 1(b)],

and Ij is the normalized current of the jth photodetector

i:e: Ij ¼
Ijdata

Ijmax

� 	
.

The position in each direction (e.g., y-direction) can be

extracted using

I x;yð Þy � Ij x;yð Þ � Ii x; yð Þ
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(3)

Using Eqs. (2) and (3), the current map [i.e., I(x, y)] of the

device can be generated as a function of the beam waist and

the spacing between the photodetectors. By comparing the

measured map to the simulated map, the position of the

beam can be found.

To have an insight into Eqs. (2) and (3), we plotted

(Fig. 2) the expected current maps for different beam waists

[according to Eq. (3)].

From Fig. 2, it is clear that in order to have sufficient

information to find the position of the beam, the spacing

between the two photodetectors should be less than then the

beam diameter 2x0, i.e., x0

d � 0:5, where d is the spacing

between the photodetectors [see Fig. 1(b)]. In this case,

when the beam is between the two photodetectors, the photo-

current varies almost linearly with the beam position.

It should be noted that in general the expected photocur-

rent magnitude does not vary linearly along the beam cross

section. As so, the sensitivity, i.e., the change in current rela-

tive to the change in the beam position, is not constant. The

sensitivity can be found by taking the derivative of Eq. (3)

relative to the beam position

FIG. 1. (a) Schematic illustration of our device. The four silicon islands

(dark gray) are partially covered by Aluminum (Al, yellow), forming the

four photodetectors. At point A, SPPs are generated at the air-Al and at the

silicon-Al interface. At point B (the pincushion structure), SPPs are gener-

ated at the air-Al and at the oxide-Al interface. The orange dashed lines

illustrate the focusing of SPPs by the pincushion structure. At the focal

point, a subwavelength grating is fabricated (black lines) which couples the

air-Al SPPs to Si-Al SPPs and (b) zoom in on the center of the device. R is

the center of the pincushion shaped lens—the focal point. (c) Microscopy

image of the device. The scale bar is 50 lm.
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The maximal sensitivity is obtained at the center of the

device for x0

d > 0:5 .

The calculated photocurrent from the pincushion struc-

ture (point B in Fig. 1) is significantly lower (two orders of

magnitude smaller) as compared with that of the edge cou-

pling. Due to the lower significance of this mechanism, it is

discussed in more detail in the supplementary material.

The 4Q detector was implemented using a silicon on insu-

lator (SOI) wafer. The silicon device layer (250 nm thick) was

p-type boron doped 5 � 1017 cm�3½ �ð Þ. To prevent electrical

shorts and crosstalk between the detectors, four silicon islands

were electrically isolated from the rest of the chip. This was

realized by oxidation of the entire silicon layer except for the

silicon islands (i.e., the photodetector area, Fig. 3).

The oxidation was done using local oxidation of silicon

(LOCOS) as follows. First, thermal oxidation (�60 nm) fol-

lowed by plasma enhanced chemical vapor deposition

(PECVD) of silicon nitride (�155 nm) was performed. Next,

the photodetector areas were defined using photo-

lithography, followed by reactive ion etching (RIE) of the

nitride, oxide, and 110 nm of silicon. The remaining silicon

(�110 nm) was oxidized, and four isolated silicon ribbons

were created. The residual nitride was removed by wet etch-

ing. Using this LOCOS process, the silicon oxide was co-

planar with the silicon islands. This planarization method

was previously used in our group to create smooth and planar

silicon waveguides.17,34–36

Next, Ohmic contacts were created by electron beam evap-

oration of 200 nm of Al followed by annealing at 460 �C for

30 min. Then, the Schottky contact was created by evaporating

40 nm of Al. The Schottky contact was common to all the pho-

todetectors. Next, the subwavelength grating was formed using

a focused ion beam (FIB). Finally, the device was mounted on

a PCB and was electrically connected using wire bonding.

After fabrication, I-V measurements were performed to

verify the operation of each of the diodes. A typical result

can be seen in Fig. 4.

The experimental setup consists of a laser diode at the

wavelength of 1.55 lm, connected to a pigtail lensed fiber

(spot size of �2 lm, Oz optics Ltd.), which illuminates the

4Q detector at a normal incidence angle. A quarter wave

plate is placed between the lensed fiber and the sample to

ensure that a circular polarization impinges on the sample.

Circularly polarized light was chosen to verify equal cou-

pling to surface plasmons in each of the four photodetectors.

FIG. 2. Simulated current map (top

row) and cross-section at y¼ 0 (bottom

row) for one axis of the 4Q detector

for different beam waists. Each column

has a different ratio between the beam

waist and the 4Q detector size. It can

be seen that when x0

d > 0:5, full knowl-

edge of the beam position is possible

due to the change in the current across

the device.

FIG. 3. The fabrication flow of the 4Q detector. (a) SOI wafer and (b) deposi-

tion of a thin layer of oxide (�60 nm). (c) Deposition of a thin layer of nitride

(�155 nm). (d) Etching of the nitride, oxide, and partial etch of the silicon to

define the diodes area. (e) Oxidation of the silicon. (f) Deposition metal which

forms the Ohmic contact (followed by alloying). (g) Deposition of metal

which forms the Schottky contact. (h) Subwavelength grating using FIB.

FIG. 4. I-V measurements of one of the Schottky diode photodetectors with

(blue) and without (red) illumination, k ¼ 1:55 lm.
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The illumination beam position is fixed, while the position of

the 4Q detector is scanned relative to the beam. The spot

size of the illumination beam is controlled by varying the

vertical distance (z-axis) between the 4Q detector and the

fiber. The position of the 4Q detector relative to the beam is

controlled using two motorized actuators (Thorlabs Z825b)

perpendicular to the beam plane (xy plane). The current

from each photodetector is measured using a source measur-

ing unit (Keithley 2400). The current readout is recorded

under a reverse bias of 1 V. Each measurement is repeated

four times (i.e., scanning the position of the 4Q detector four

times), whereas in each measurement, the photo-current of a

different photodetector is recorded. The entire setup is con-

trolled by the Labview program.

First, a beam of a relatively small waist, x0 ¼� 3:5 lm,

is used to illuminate the 4Q detector. This small beam waist

d
2x0
ffi 8 
 1

� 	
enables us to distinguish between the differ-

ent detection areas in the 4Q detector (the edge detection and

the pincushion structure, locations A and B in Fig. 1). The

measured current map can be seen in Fig. 5.

From Fig. 5, it is apparent that a significant photocurrent

is generated at the metal edge (position A at Fig. 1) while

there is barely any photocurrent generation by the pincushion

structure (position B at Fig. 1). This can be attributed to a

low coupling efficiency of the plasmonic mode at the air-Al

interface to the Si-Al plasmonic mode via the subwavelength

grating.37,38 Additionally, during the fabrication process of

the subwavelength grating, the FIB process might have dam-

aged the silicon in the slit area and thus photocurrent genera-

tion has been diminished.

Next, a beam with a larger waist, x0 ffi 30 lm, was used

to illuminate the 4Q detector. With this larger spot size

d
2x0
ffi 0:5

� 	
, the 4Q detector can be operated as a position

detector. The current map measurement can be seen in Fig. 6.

In Fig. 6, the superimposed current map from each of

the diodes is presented. Unlike Fig. 5, we now obtain signal

variations all over the device coordinates, including the

region near the center of the device. This allows the

extraction of the beam position relative to the 4Q photode-

tector (see Fig. 2) by comparing the measured current map to

the simulated one [according to Eqs. (2) and (3)]. This is

demonstrated in Figs. 7 and 8.

As can be seen in Fig. 7, there is a high similarity between

the simulation and the measurements. This serves as an evi-

dence for the validity of our approach. By matching the mea-

sured current map (top panel) to the simulated results (bottom

panel), the beam position was extracted, as shown in Fig. 8.

As can be seen, a good agreement between the measured

position and the values extracted from the actuators is obtained.

Yet, the measured results show slight deviation from the linear

fit. This can be attributed to the limited repeatability accuracy

of our actuators (�2 lm), which operate in an open loop

mode. More accurate actuators which allow closed loop opera-

tion are expected to provide even better results.

In this paper, a novel nanoscale 4Q photodetector oper-

ating in the short wave infrared (SWIR) was designed, fabri-

cated, and experimentally characterized at the wavelength of

FIG. 5. Current map of the normalized photocurrent measured by the plas-

monic photodetectors (absolute value) when using the illumination spot of

x0 � 3:5 lm. The white dotted line denotes the outer edge of the Schottky

contact. The pink dotted lines denote the area of the silicon islands.

FIG. 6. Current map of the normalized photocurrent measured by the plas-

monic photodetectors (absolute value) when using the illumination spot of

x0 � 30 lm. The white dotted line denotes the outer edge of the Schottky

contact. The pink dotted lines denote the area of the silicon islands.

FIG. 7. (a) and (b) The normalized measured photocurrent map [according

to Eq. (3) along the x and y-axes, respectively]. (c) and (d) The current maps

simulation of the x and y-axes, respectively.
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1.55 lm. The 4Q photodetector is implemented using the plas-

monic enhanced IPE Schottky photodetector and can operate

in the SWIR band, where conventional silicon photodetectors

cannot operate. In our design, two photocurrent generation

mechanisms were implemented and tested (1) a metal edge and

(2) a pincushion shaped structure. It was found that the pin-

cushion shape contribution to the photocurrent generation was

negligible, probably due to the low coupling of the plasmonic

mode from the air-Al interface to the Si-Al and due to fabrica-

tion errors. However, the metal edge mechanism was found to

be useful in extracting the position of the illumination beam

relative to the 4Q photodetector. The device was tested under a

normal incident angle. The study of the device response as a

function of incident angle is the subject of future work.

The demonstrated device is based on standard materials (sil-

icon and aluminum) and fabrication techniques which are com-

mon in the CMOS industry. As such, it provides an additional

important example for the potential of plasmonics in the realiza-

tion of chip scale novel devices which can be integrated with

multiple other functionalities. We believe that such plasmonic

based active photodetection devices can be used in myriad appli-

cations, e.g., laser cutting, welding, interferometry, sensing, opti-

cal tweezers, free space optical communications, and more.

See supplementary material for the calculated photocur-

rent from the pincushion structure.
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