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Einstein’s photon hypothesis proposed exactly a hundred years ago is reviewed
along with its enormous impact on science and technology still lasting over a

century. In this article, the photon hypothesis and the law of photoelectric effect
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and their impact on the progress of modern physics are discussed. The article
also reviews the application of these theories mainly to photodetection devices
with emphasis on the historical evolution of the new technologies.

INTRODUCTION

In 1922 Albert Einstein was awarded the Nobel Prize in
physics 1921 for his services to theoretical physics, and
particularly for his revelation of the law of the photoelectric
impact. The photoelectric impact alludes to change of
electrical conduction properties in issue initiated by light and
different types of electromagnetic radiation. To initiate this
impact, the stomach muscle sorption of occurrence light by
issue should cause an age of charged transporters, like
conduction electrons and positive openings on account of a
semiconductor, or free electrons (photoelectrons) discharged
from a metal surface with stationary positive particles
abandoned. These two wonders are known as the interior
photoelectric impact and outside photoelectric impact,
separately.

Around the turn of the nineteenth twentieth century, the
investigation of the outside photoelectric impact was vital in
the improvement of material science. A few exploratory
outcomes had been gathered, yet some of them couldn't be
represented based on electromagnetic wave hypothesis of
James C. Maxwell.

Einstein finished a paper on March 17, 1905, in Bern,
Switzerland, only 3 days after his 26th birthday celebration,
and submitted to "Annalen der Physik" (Annuals of Physics)
[1]. In this paper named "Ueber einen pass on Erzeugung und
Verwandlung des Lichtes betreffenden heuristischen
Gesichtspunkt" (On a heuristic perspective concerning the age
and transforma-tion of light), Einstein proposed the idea of
"Lichtquant” (light quantum) and perfectly clarified the law of
the photoelectric impact.

Obviously, the possibility of a granular construction of
radiation inferred the molecule idea of light and
characteristically  tested the  overarching  grounded
electromagnetic hypothesis of light. Subsequently, it required
over ten years before his hypothesis at long last came to be
conceded and respected by a dominant part of material science
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local area. In any case, we have confirmed that Einstein's
photon speculation or corpuscular hypothesis of light,
alongside de Broglie's material wave hypothesis of particles, at
last asked the advancement of quantum mechanics.

From the perspective of use of material science to human
existence, Einstein's photoelectric hypothesis is by all accounts
definitely more important than some other physical science
hypothesis found by him. Today, it actually gives us the
reason for photo-recognition gadgets like photomultipliers,
photodiodes, and CCD picture sensors, just as photovoltaic
energy converters. In the last 50% of this article, a few parts of
the useful effect of Einstein's pho-ton theory on science and
innovation will be checked on.

PHOTON HYPOTHESIS AND EXPLANATION OF
PHOTOELECTRIC EFFECT

As a matter of first importance, let us study the first paper
by Einstein distributed in 1905 [1]. The English interpretation
is likewise accessible in Ref. [2].

Toward the finish of early on part on the second page of
his paper, Einstein stated: "To be sure, | can't help suspecting
that the perception in regards to dark body radiation,
photoluminescence, creation of cathode beams by bright light,
and different gatherings of marvels related with the age or
transformation of light can be seen better in the event that one
expects that the energy of light is irregularly disseminated in
space. As indicated by the expectation to be thought about
here, when a light beam is spreading from a point, the energy
isn't conveyed constantly over consistently expanding spaces,
yet comprises of a limited num-ber of energy quanta that are
confined in focuses in space, move without partitioning, and
can be consumed or created uniquely all in all.”

At that point in Section 1~6, he talked about the dark
body radiation in detail and showed that "Monochromatic
radiation acts thermodynamically as though it comprised of
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commonly free energy quanta of greatness Rpv/N." Here, vis
the recurrence of the radiation, R/N is the gas steady over
Avogadro's number which is equivalent to k (Boltzmann's
consistent), and p is Wien's dramatic coefficient that compares
to h/k. Hence, the extent of energy quantum is hv and
corresponding to v duplicated with Planck's steady h.

This speculation was quickly applied to three different
issues in the accompanying areas. Einstein made an
exceptionally clear translation of Stokes' law in
photoluminescence. The term Lichtquant (light quantum) was
utilized here interestingly. The understanding can be summed
up as follows: if a light quantum of recurrence v1 is retained
and offers ascend to the age of a light quantum of recurrence
v2, the energy of the last energy quantum can't be more
noteworthy than that of the previous, and henceforth,

hv2 hvl,orv2vl. (1)

(From this point forward, documentation h is utilized
rather than Rp/N for effortlessness.)

In Sec. 8 "On the age of cathode beams by brightening of
strong bodies," he proposed what later got known as Einstein's
photoelectric condition, and gave a reasonable clarification for
the outside photoelectric impact. Emanation of photo-electrons
from the outside of a metal because of bright or noticeable
radiation had been concentrated since late 1880s, and Philipp
Lenard made the most broad examination [3]. The central
issues of trial results were summed up as follows: (1) the num-
ber of photoelectrons transmitted is corresponding to the force
of the occurrence radiation, (ii) there exists a base recurrence
of radiation for the photoelectron outflow, and the base
recurrence varies from one metal to the next, (iii) the active
energy of a photoelectron doesn't rely upon the power of
episode radiation, yet the energy increments as the recurrence
of occurrence radiation increments. It was then hard to
comprehend from the electromagnetic wave hypothesis of
light the exploratory outcomes (ii) and (iii) above.

Einstein defeated this trouble by presenting the acclaimed
photoelectric condition with his name,

Emax = hv—W, 2)

where, Emax is the greatest active energy of
photoelectrons, hv is the energy of light quantum of
occurrence radiation, and W is the work done by every
photoelectron in leaving the metal surface (later called as "the
work™). Here it was accepted that a solitary light quantum is
invested in the metal and the aggregate or part of the energy of
light quantum is moved to a solitary electron to be discharged.

Today, we can obviously comprehend from the above
condition why the test perceptions (ii) and (iii) referenced
above remain constant. 100 years prior, be that as it may, it
took more than 10 years before Einstein's photon speculation
was perceived and acknowledged. Incidentally, the Nobel
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Prize in material science in 1905 was granted to Lenard for his
work on cathode beams.

EVOLUTION OF THE PHOTON HYPOTHESIS

In the early 20th century, it was not so easy to verify the
validity of Einstein’s photoelectric equation (2) by precise
measurements. In 1916, Robert Millikan, after his undertaking
more than 10 years, at long last gave an indisputable
confirmation of the immediate proportionality between the
active energy of photoelectrons and the recurrence of retained
light [4]. He showed that the proportionality steady h is free of
the material and nature of the surface, and that its worth is
about 6.57x10-27 erg sec, which is in close concurrence with
the worth acquired by Max Planck in 1900 (6.55x10-27 erg
sec). Planck was granted the Nobel Prize in physical science
1918 in acknowledgment of the administrations

he delivered to the headway of physical science by his
disclosure of energy quanta, while Millikan in 1923 for his
work on the rudimentary charge of power and on the
photoelectric impact.

Then, Einstein distributed a paper named "Zur
Quantentheorie der Strahlung™ (On the quantum hypothesis of
radiation) [5]. He depicted the outflow and assimilation
favorable to cess of single light quantum in two-level advances
in particles, and examined the likelihood coefficients for the
unconstrained emanation, prompted discharge and retention.
This hypothesis with supposed Einstein's An and B
coefficients was the fate vital to help build up the hypothetical
foundation for the development of lasers in the last 50% of the
twentieth century.

In addition, in this paper he showed that the energy (draw
back)

p of a light quantum with energy E is equivalent to E/c,
that is

p=E/c=hvic=h/" (3)

where c is the light speed and ~ is the light frequency in
vacuum, separately. In any case, this corpuscular idea of
radiation again was not acknowledged effectively and stayed
as a theory for quite a long while. It was Arthur H. Compton's
analysis, which gave a strong experimental establishment for
Einstein's quantum-corpuscular perspective on radiation.

The Compton impact is the increment of frequency of a
X-beam that has been dissipated by electron. This adjustment
in frequency is more prominent when the dispersing point of
X-beam is bigger. In 1923, Compton distributed a full
conversation of the impact [6]. He expected that every
quantum of occurrence X-beam energy is packed in a solitary
molecule and goes about as a unit onto a solitary electron. At
that point the electron withdraws and another energy quantum
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is produced for the dispersed X-beam. Based on this quantum-
corpuscular presumption and the preservation standards of
energy and force with the guide of Eq. (3) and the hypothesis
of relativity, he had the option to acquire the well known
formulae, which marvelously clarified all the exploratory
outcomes. Compton's commitment to the confirmation of
Einstein's quantum theory of radiation is huge, and he was
granted the Nobel Prize in material science 1927 for his
revelation of frequency change in dif-melded X-beams.

Actually corpuscular for Einstein perspective on light
quantum additionally animated Louis de Broglie towards
actually material for him wave related with electron and
different particles proposed in 1924 in his doctoral
proposition. Albeit the interaction by which he instigated the
idea of de Broglie wave is exceptionally confounded [7], the
eventual outcome of his thought is straightforward and
equivalent to Eq. (3), that is

p=h/"E=hv 4)

where p and E are the force and the energy of electron,
individually, ~ is the frequency and v the recurrence of the
material wave related with the electron. Along these lines, the
duality, the corpuscular nature and the undulatory idea of both
light wave and electron molecule are consolidated by the
above straightforward and balanced formulae of Einstein-de
Broglie's relationship. Plainly Einstein's molecule hypothesis
of light and de Broglie's wave hypothesis of particles both
encouraged the advancement of present day quantum
mechanics, particularly the wave mechanics by Erwin
Schroedinger. In 1929 de Broglie was granted the Nobel Prize
in physical science for his disclosure of the wave idea of
electron.

So far | have not utilized the expression "photon” out of
appreciation for sequential request of occasions depicted in the
above text. It very well might be important to call attention to
here that the expression "photon" was first proposed by G. N.
Lewis in 1926 [8].

APPLICATIONS OF EXTERNAL PHOTOELECTRIC
EFFECT

Let us now move on to the discussions on the application
of Einstein’s photoelectric theory to science and technology in
human life.

The phototube (or photoelectric cell) is a simplest form of
device based on the photoelectron emission. It consists of a
photosensitive cathode and an output anode in vacuum. From
Eqg. (2), the longest wavelength of light in photoemission from
the cathode with a work function W (or @ in units of volt) is
calculated as
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Amax =hc/qQ =~ 124 [um*V]/@ (5)

where q is the electronic charge. For monochromatic light
with

~ shorter than “max and power L, the anode current is
given as

I=c¢q L/hv(6)

where ¢ is the quantum efficiency (1), which depends on

Phototubes were popularized in 1920s and 1930s and
different sorts of photocathode materials with lower work
capacities were created for obvious and close infrared light
identification. The most famous utilization of that time was
un-doubtedly the sound film, which was created around 1923
by Lee De Forest, additionally a designer of the triode vacuum
tubes. In this synchronized sound framework, the electrical
sign of sound was changed over to an optical sign and re-
corded on the sound track on the edge of film. The
communicated light force in the projector was recognized by a
phototube, enhanced by triodes and changed over back to
sound in noisy speakers. This talkie film dangerously spread
over the world from 1927. It is an intriguing differentiation
that the most prompt use of the photoelectric impact was to the
most mainstream diversion for mass individuals from the local
area, while the impact was as yet in scholastic question in the
material science local area.

Fig. 1: Schematic diagram of a photomultiplier tube.

Around 1931, Tsunetaro Kujirai of the Department of
Electrical Engineering, the University of Tokyo, succeeded in
the “optical telephony” in free space over 2km of distance in
down- town Tokyo in daylight condition. The light source was
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a small incandescent lamp. Its current was modulated so that
its out- put light power could be modulated in analog
according to voice signal. At the receiver end, a special circuit
with double phototubes was devised for high-sensitivity
detection of weak light. This was believed to be the first
research on optical communications in Japan.

The photomultiplier tube (PMT) is a phototube integrated
with a structure for the current multiplication based on
secondary emission of electrons. As illustrated in Fig. 1, it has
a set of auxiliary electrodes called the dynodes (1~8) in
between the photocathode (C) and anode (A) placed in
vacuum. The dynodes are kept at progressively higher voltages
with respect to the cathode, with a typical voltage step of
100V. A photo- electron emitted from the cathode bombards
the dynode 1 and release a number of new electrons by
secondary emission. This process takes place repeatedly at
each dynode until the initial cathode current is amplified by a
very large factor. If the aver- age secondary emission
multiplication factor at each dynode is 6 and the number of
dynodes is N, the total current multiplication factor is

G =6N 7

which gives G ~= 1.7x106 for typical values of6=6 and N
= 8. Because such an ultra-high sensitivity for light detection
is possible, these bulky and fragile vacuum tubes requiring
high voltage sources are still in wide use in various
fundamental researches today. Even detecting a single photon
is possible if the tube is cooled thereby reducing the dark
currents.

In 2002, Masatoshi Koshiba got the Nobel Prize in
material science for his spearheading work on the introduction
of neutrino stargazing. The perception of cosmic explosion
neutrinos and solar neutrinos was accomplished with
Kamiokande (Kamioka Nucleon Decay Experiment). The
Kamiokande finder is essentially an immense 3000ton water
tank found 1000m somewhere down in Kamioka mine close to
the Northern Alps in focal Japan [9]. A sum of 1,000 PMTs
with an opening breadth of 50 cm each, created by Hamamatsu
Photonics K. K., were mounted on the internal sur-face of the
tank. Cherenkov radiation in water coming about because of
amazingly uncommon neutrino-electron dissipating was
effectively recognized by utilizing PMTs in 1987 interestingly.
In the sec-ond age of Super-Kamiokande framework worked
in 1996, the tank volume was moved up to 50,000 m3 and
11,146 PMTs were introduced on the inward surface. This
immense eye for rudimentary molecule material science has a
monster retina (internal surface) with an inclusion proportion
of photo-delicate territory up to 40 %.

A device for PES (photoelectron spectroscopy or
photoemission spectroscopy) is likewise a major machine,
which a few times involves a bar line of synchrotron radiator.
The key rule depends on the Einstein's photoelectric condition
(2) in Sec. 2. In the event that the outside of a strong is
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energized by monochromatic photon with energy of hv and
tallies of photoelectrons are estimated as a component of
active energy of photoelectron, itemized data on W can be
acquired. At the end of the day, the state thickness of electrons
at the underlying level from which the photoelectron begins
can be estimated as a component of electron energy.

As of late, hard X-beam photoelectron spectroscopy (HX-
PES) has been created by utilizing SPring-8 synchrotron
radiation office in Japan [10]. The excitation by high-energy
X-beam photon of 6 keV brings about a bigger examining
profundity of photoelectrons contrasted and the traditional
PES, and empowers to test the characteristic electronic
properties of materials with least impact of surface condition.
The valance band electronic designs of Si, GaAs, GaN, and so
on have as of late been accounted for.

APPLICATIONS OF INTERNAL PHOTOELECTRIC
EFFECT

It is somewhat astonishing that the inner photoelectric
impact found in 1873 was a whole lot sooner than the
disclosure of outside photoelectric impact made in around
1888. It was found in the photoconduction of glasslike
selenium by Willoughby Smith [11]. In the very year, R. E.
Deal did more definite after up examinations and discovered
some reliance of the impact on light frequency [12]. It is
exceptionally fascinating that they utilized a gas-burner light
and an electric curve light as the light source in a portion of
their investigations, and that the message engineers who were
among the original of electrical designers at that point, were
dynamic in doing the central examination.

Nonetheless,  such  photoconductive  impact in
semiconductors had hardly been used in any applications for
quite a while. Meanwhile, from 1920s through the second
World War time, hypothetical strong state material science
made a quick development based on quantum mechanics,
which incorporated the energy band hypothesis of solids, band
model of semiconductors, and correction hypothesis in
semiconductor contacts. At long last out of nowhere, a
significant advancement was accomplished in 1947 when a
point con-judgment bipolar semiconductor was concocted (or
somewhat found) at AT&T Bell Laboratories. From this point
forward, different sorts of semiconductor electronic and
photonic gadgets were concocted and created at a gigantic
speed [13].

The photodiode (PD) is one of such novel gadgets created
from 1950s. It depends on the photoconduction across a
converse one-sided pn or pin intersection in semiconductors,
or metal-semiconductor Schottky contact. The photocurrent is
represented by a similar Eq. (6) given for the phototube. The
best component of this gadget is the rapid reaction attributable
to a little distance (a micrometer or something like that) for the
transporter travel and little intersection (or contact)
capacitance. Today, the optical fiber correspondence is the
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prevailing work power in media communications. The most
elevated piece pace of optical heartbeats per frequency channel
utilized practically speaking is 40 Gb/s, and the most limited
heartbeat width is around 10 ps (10-11s). There is no trouble
in changing over such a short optical heartbeat into an
electrical heartbeat at the collector end by utilizing a high
velocity photodiode.

The torrential slide photodiode (APD) gives off an
impression of being first supportive of presented by K. M.
Johnson in 1964 [14]. It is a photodiode worked at high
opposite inclination voltages where current intensification
through torrential slide increase happens. Starting photo-
produced charged transporters are quickened by a huge electric
field and assault with the valance electrons along these lines
making new transporter sets of electrons and openings, and
this interaction rehashes. Through this torrential slide
duplication of transporters, the current can be intensified by a
factor of 100 if an appropriate inclination voltage only
somewhat underneath the torrential slide breakdown voltage is
applied securely. The APD is additionally broadly utilized in
an assortment of utilizations requiring a high affectability and
tolerably rapid.

The phototransistor is another sort of photodetector gadget
with a current enhancement factor of 100. Essentially it is an
intersection bipolar semiconductor whose base area is simply
gliding (not associated with outside circuit). Under a
legitimate inclination volt-age applied between the producer
and authority, the base-gatherer intersection goes to an
ordinary opposite predisposition state and the underlying
photocurrent created close to the intersection can be inside
intensified by a factor of 1/(1-a) where a (regularly 0.99) is the
current exchange proportion from the producer to authority.
Albeit the speed is lower contrasted and APD, the
phototransistor is the most famous photodetector due to a lot
simpler treatment of activity and lower cost.

Presently let me survey the photovoltaic impact, an
exceptional  sort of  photoconductive  impacts in
semiconductors, which was talked about deliberately by K.
Lehovec without precedent for 1948 [15]. Under light
brightening, semiconductor pn intersection diodes can produce
forward voltage by partition of optically created electron-
opening sets under the inherent field of transporter exhaustion
layer. The p-type district is charged positive and n-type
negative. The bearing of current stream to create and keep up
the above polarization is equivalent to that of current stream in
the opposite inclination condition in dull. Thusly, this
photovoltaic cell functions as an electric cell from which
power can be provided to an outer burden. Figure 2 pictures
the above to some degree confounded circumstance of
photovoltaic impact, where EFe is semi Fermi level of
electrons, EFh is that of openings, @ is the dispersion expected
distinction between the n-type and p-type area in dim, and V is
the forward voltage created by the photovoltaic impact.
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This sort of photovoltaic cell is utilized as a
straightforward photodetector with no electrical force supply
fundamental for its activity, obviously, the main application is
solar cell whose importance is talked about in a new issue of
the AAPPS Bulletin [16].
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Fig. 2: Hlustration showing the principle of the
photovoltaic effect in a semiconductor pn junction.

In the past there existed a variety of vacuum tube image
sensors in which the optical images can be transduced to serial
electrical video signals. The fundamental clients of these
gadgets were the experts. In our current time of data and
correspondence innovation (ICT), strong state picture sensors
addressed by the charge coupled gadget (CCD) imagers are
developing quickly and turning out to be "omnipresent” in our
every day life, in cell phones, in advanced cameras, etc.

The CCDs were proposed by W. S. Boyle and G. E. Smith
in 1970 [17]. In a CCD picture sensor, the photo-produced mi-
nority transporter charge is put away at the Si-SiO2 interface
of a metal-oxide-semiconductor (MOS) capacitor, which
relates to a piece of a minuscule pixel for 2-dimensional
imaging. The charge is then moved horizontally along the
interface, and is perused out sequentially. The gadget with the
most elevated spatial goal industrially accessible today has
16M(mega) pixels.

At long last, I might want to present an intriguing gadget
which is by all accounts promising however not notable
outside of high energy material science local area. This is the
mixture photodiode (HPD), a vacuum photoelectric cylinder in
which the anode is re-set by an opposite one-sided planar
silicon diode [18]. The photoelectrons transmitted from the
cathode are quickened by an applied voltage of a few kV and
disperse their motor energy in the silicon diode close to the
information surface. During this cycle, valence electrons in
silicon are energized and electron-opening sets are liberated at
the pace of one sets for each 3.6 eV of energy misfortune by
the photoelectron. These transporters expanded by electron-
assaulted duplication are proficiently gathered by the opposite
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one-sided diode, and the current enhancement of a factor of
1000 can be gotten. This sort of dissipative addition because of
electron-barrage brings about considerably less variance than
the increases related with the optional discharge augmentation
and torrential slide duplication. Thus, this gadget is less loud
and exceptionally delicate. As of late, an improved de-bad
habit is acknowledged in which the diode is supplanted by a
multipixel (8x8) torrential slide diode having extra increase
factor of 21 pair [19]. Carefully talking, these novel gadgets
are predominantly founded on the outer photoelectric impact
and ought to be depicted in the past area. For accommodation,
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