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The ongoing miniaturization of electronic circuits will eventually lead
to signals consisting of only a few particles or molecules, but fluctu-
ations will be a major interference in the operation of such circuits.
Brownian circuits have been shown to exploit fluctuations by finding
computational paths in circuits through a random search mechanism.
This paper discusses Brownian circuits with decreased complexity, and
shows designs of circuits with functionalities like counting, testing of
conditional statements, memory, and arbitration of shared resources. We
also discuss the potential of Brownian circuits for implementations by
Single Electron Tunneling technology.

Keywords: Fluctuation-driven computation, Brownian motion, circuit designs,
nanocomputing

1 INTRODUCTION

Brownian circuits employ fluctuating tokens as signals to search randomly
for computational paths in the state space defined by the circuit topology.

* Contact author: E-mail: peper@nict.go.jp
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342 JIA LEE et al.

Fluctuations are not just a nuisance factor in such circuits, rather they are
actively exploited in assisting circuit operations. Brownian circuits provide
an alternative to more conventional strategies to deal with noise, which usu-
ally amounts to suppressing noise or employing error correction. While such
methods work when signal levels are well above noise by a large factor, they
fall short in a regime near the thermal limit [15], where the energy to operate a
switch barely exceeds that of thermal noise. This issue has become more seri-
ous with the increased integration densities of microelectronics, which will
eventually lead to circuits employing signals that consist of only a small num-
ber of particles. Fluctuations in such circuits will be difficult to avoid [18].

One of the first proposals to use Brownian motion of signals in computa-
tion originates with Bennett [4]. It takes the form of a miniature mechanical
Turing machine, in which signals move around randomly, driven by ther-
mal noise, and searching their way through the machine’s circuit topology.
Later proposals have employed fluctuations with the eye of making a trade-
off between energy use and reliability [8, 19], but these approaches tend to
require extensive error correction, and may thus fall in the realm of more-or-
less traditional methods. Noise and fluctuations have also been used in the
simulated annealing process of a Boltzmann machine [26]. Based on Single
Electron Tunneling devices, this architecture has been shown by computer
simulations to be able to exploit signal fluctuations to search in an energy
landscape. This proposal revolves around a neural network that conducts opti-
mization, but it is not suitable for arithmetic computation.

In biological systems, noise and fluctuations play an important role in
facilitating transitions between energy states that are separated by a high
energy barrier. Whereas designers of engineered systems usually aim to
achieve high S/N ratios, biological systems differ in that they have evolved to
take advantage of noise and fluctuations, allowing high energy efficiencies,
like in rotary protein motors, which work at efficiencies close to 100 per-
cent [7]. Fluctuations are also used in a biological system to exert effective
control on molecular scales through a trial-and-error mechanism that employs
stochastic search to make the system converge to a desirable state. This phe-
nomenon is called Brownian search.

Brownian circuits use a similar mechanism to conduct their operations in
a controlled way. This is formalized in [23] through the definition of a circuit
element—the T-element—that has been proven to be universal for a class of
circuits called Token-Pass circuits, under the necessary and sufficient condi-
tion that tokens undergo fluctuations. Key to the power of token fluctuations
is their ability to backtrack out of deadlocks, which are a common problem in
token-based circuits [23]. Token-Pass circuits, along with the T-element, form
a suitable framework to formally prove the capability of fluctuations, but they
have a somewhat rigid structure, being basically a set of lines that can interact
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with each other at certain locations in very restricted ways. This poses the
question whether more efficient—in terms of hardware and time resources—
constructions are possible if more flexibility is allowed in the definition of
circuits.

The pay-off of such simplified constructions lies in the potential for effi-
cient designs in physical implementations. The omnipresence of fluctuations
at nanometer scales, combined with the trend in microelectronics of signals
consisting of less and less particles, underlines the importance of the formu-
lation of such abstract circuit models.

This paper describes circuits that are based on elements that are less com-
plex than the T-element, yet can be used as primitives of a universal class of
Brownian circuits. Called Hub, Conservative Join (CJoin), and Ratchet (see
Section 2), these elements have three, four, and two input and output lines,
respectively, which is less than the six lines of the T-element [23]. Token
fluctuations are fundamental to operations of circuits based on the Hub, the
CJoin, and the Ratchet, but compared to the Brownian circuits in [23], circuits
tend to become more straightforward in their designs. We introduce designs
of some standard circuits, such as a 1-bit memory cell and a Half-Adder (Sec-
tion 3), and an arbitration operator for shared resources (Section 4), and com-
bine these into more complex functionalities (Section 5). We also discuss six
conditions that are important for the realization of Brownian circuits in terms
of physical implementations (Section 6). This is followed by a brief review
of Single Electron Tunneling technology designs based on Brownian circuits
(Section 7). The discreteness of single electrons, as well as the stochastic
nature of electron tunneling, both fit well in the framework of Brownian cir-
cuits. Other technologies based on different mechanisms [16], however, may
also be suitable for physical implementations, provided they employ signals
that have a discrete character and the tendency to undergo fluctuations. This
paper finishes with conclusions and a discussion in Section 8.

2 BROWNIAN CIRCUITS

A Brownian circuit is a token-based circuit, in which tokens are allowed to
fluctuate forwards and backwards on lines and across operators. Notwith-
standing their ability to fluctuate, tokens are bound by the transition rules
governing circuits. An operator that requires a particular combination of
inputs will not produce outputs unless that combination is available on the
operator’s input lines at a certain time instant. For every other combination
the tokens will remain fluctuating on the input lines, where they may again
serve as input to the operator at some future time. The use of fluctuations
has an important merit: it allows Brownian circuits to backtrack out of states
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in which no forward computational path exists [23]. Deadlocks are the usual
term for such situations, and they are likely to arise in conventional (non-
Brownian) token-based circuits when a circuit element—or, module in our
terminology—requires at least two tokens as input. Absent the full number
of input tokens, the input to a module will stay pending, waiting for the
remaining input tokens to arrive, and when that does not happen, a dead-
lock results. The usual way out of a deadlock is to reroute pending tokens
to alternative locations in the circuit, where they can be processed without
deadlocks. Given that tokens can only move forward in conventional token-
based circuits, however, this requires additional pathways and additional con-
trol mechanisms, which increases the complexities of modules and inter-
module connection patterns. Brownian circuits do not require these additional
resources, since they use fluctuations to make tokens backtrack their way out
of deadlocks, and in the process reach other modules that can accept them.

The Brownian circuits in [23] are very useful for the formal analysis of
fluctuations in a computational framework, but they have some overhead in
terms of interconnection lines, making them less suitable for efficient imple-
mentations. This motivates the definition of a class of circuits facing less
restrictions, the so-called Conservative Delay-Insensitive (CDI) circuits [22].
Promising for their physical plausability, these circuits are robust to delays
of tokens, and they conserve tokens in operations, i.e., the number of input
tokens to a module equals the number of output tokens.

A universal set of primitive modules for CDI circuits consists of the Merge
and the 2 x 2-CJoin. Figure 1 shows these modules, together with their func-
tionalities, expressed in terms of Petri nets (see also [23]). The universality
of this set of primitive modules can be shown by constructing a so-called
n x m-CJoin from it according to the design in [22]. The n x m-CJoin is a
generalization of a 2 x 2-CJoin and it is possible to construct a Finite State
Machine (FSM) from it with n states and m inputs (e.g. see [11, 21]). Since
any logic circuit can be expressed in terms of an FSM, the universality of the
set consisting of the Merge and the 2 x 2-CJoin follows (see also [6]).

When CDI circuits have fluctuating tokens, they are Brownian. They can
be constructed from a set of three primitive modules. The first module is the
Hub, which has three lines that are bidirectional (Figure 2). There is at most
one token at a time on any of the Hub’s lines, and this token can move to any
of the lines due to its fluctuations.

The second module is the Conservative Join (CJoin), which has two input
lines and two output lines (Figure 3). The two tokens on its input lines (one
token on each line) pass through the CJoin in a pairwise manner, so the CJoin
in fact behaves like a synchronizer. Tokens may fluctuate on the input lines,
and when processed by the CJoin, they move to the output lines where they
may also fluctuate. The operation of the CJoin may also be reversed, and the
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FIGURE 1

Primitive elements for Conservative Delay-Insensitive (CDI) circuits, and the corresponding
Petri nets. (a) Merge merges two streams of input tokens I; and I, into one output stream O.
(b) 2 x 2-CJoin joins two input tokens resulting in two output tokens as follows. Upon receiving
one token from line I; and one token from line Ij/ (i, j € {1, 2}), the module outputs one token to
each of the lines O;j and O/, . If there is only one token input to the module, it remains pending
until a second token is input to the module. (c) Petri net of the Merge, and (d) of the 2 x 2-CJoin.

W, Wy
>37 W, % A
W, W,
(a) (b)
FIGURE 2
(a) The Hub, with a token on one of its lines (W), denoted by a black blob. All lines are bidi-

rectional and are indicated without arrow heads. The token can be on any of the three lines Wy,
W, and W3, and it can fluctuate between the lines in any order. (b) Petri net of the Hub.
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FIGURE 3

(a) The CJoin, with one token on each of its two input lines |1 and I,. A transition moves the
tokens from the input lines to the two output lines O; and O, or in the reverse direction if
both tokens are on the output lines. If there is a token on only one input line (11 or 1), this
token remains pending (and fluctuating) until a token arrives on the other input line. All lines are
bidirectional and lack arrow heads, but since there is a bias from input to output, there are small
arrows to indicate the preferred direction of token flow. (b) Petri net of the CJoin.

——D— ) —De— - —eo—p

(@) (b) (c)

FIGURE 4

Ratchet and its possible transition. (a) The token on the line may fluctuate before the Ratchet as
well as after the Ratchet, but (b) once it is at the right side of the Ratchet it cannot return. The
Ratchet thus imposes a direction on an (originally bidirectional) line. (c) The resulting unidirec-
tional line is denoted by an arrow.

forward / backward movement of the two tokens through it may be repeated
an unlimited number of times. Due to this bidirectionality, there is strictly
spoken no difference between input and output lines of the CJoin, though we
still use the terminology of input and output, since the direction of the process
is eventually biased forward. We call this the preferred direction of the CJoin
or of the associated lines.

The third module is the Ratchet, which allows a token to freely pass
through in one direction, but blocks it in the opposite direction (Figure 4).
Thus, a bidirectional line with a Ratchet on it effectively becomes unidi-
rectional. Ratchets can be used to limit the searching behavior of a circuit
at selected points, as a result of which the circuit is sped up. However, the
placement of Ratchets should be carefully considered to avoid the creation of
deadlocks at locations where Brownian search is required.

To show that the set consisting of the Hub, CJoin, and Ratchet is universal
for the class of CDI circuits, we construct a Merge and a 2 x 2-CJoin from
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Wi

W,

FIGURE 5

The Merge constructed from a Hub and two Ratchets. The Ratchets are used to guarantee that
any token input to the Merge will always be output to line W3, and never to either of the input
lines Wy and W.

them. Since the Merge and the 2 x 2-CJoin have only unidirectional input
and output lines, Ratchets are used to mimic this characteristic. The Merge is
constructed from a Hub and two Ratchets, whereby two of the Hub’s bidirec-
tional lines are equipped with Ratchets to act as input lines for the Merge, and
the remaining bidirectional line of the Hub is used for output of the Merge
(Figure 5). The construction of the 2 x 2-CJoin requires four Hubs, four
CJoins, and twelve Ratchets. The more general construction of the n x m-
ClJoin is given in Figure 6. Brownian search in this construction takes place
at the trees forming the input lines of the individual CJoin modules.

Universality of the set consisting of the Hub, CJoin, and Ratchet can also
be shown in a different way, i.e., by constructing a so-called Conservative
Tria (CTria) from these modules [12], but we employ the construction based
on the n x m-CJoin, because it results in more straightforward and efficient
designs.

3 CIRCUIT DESIGNS

The universality of the Hub, CJoin, and Ratchet set opens the way for
constructions of circuits like a Half-Adder and a 1-bit memory. The basic
idea behind these constructions is to use the CJoins in an n x m-CJoin as
minterms in a canonical form of a Boolean expression, and to use the Hubs
for summing the minterms into the desired results, following similar ideas as
in [23]. A Half-Adder, for example, is constructed from one 2 x 2-CJoin and
four Hubs (Figure 7). The inputs of the Half-Adder—represented by the O-
line and the 1-line at the top and a similar pair of lines at the right according
to a dual-rail encoding scheme ( [13], Chapter 7)—are fed to the four CJoins,
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FIGURE 6

The n x m-CJoin constructed as an array of CJoin modules with n rows and m columns. Each
row contains—apart from CJoin modules—a total of m — 1 Hubs that allow a token to conduct
a Brownian search in the row of m CJoins. Similarly, each column contains n — 1 Hubs for
searching in the column of n CJoins. This gives a total of n((m — 1) + (n — 1)m = 2nm —n —m
Hubs. When one token is received from the input line at row i and one token from the input line
at column j, the tokens find their way through Brownian search to the CJoin in row i and column
j. After accepting these tokens, this CJoin produces one token at each of its two corresponding
output lines. Ratchets are placed at locations where Brownian search is not necessary, which in
this case is at the output sides of the CJoins. A total of 2mn + m + n Ratchets is used.

0 Input1
% f— 1
1
! Input
Carry ~O
le— 0
0 O

FIGURE 7
Half-Adder constructed from a 2 x 2-CJoin and four Hubs.
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FIGURE 8

3-bit Conditional Counter. The 3-bit input received by the Counter is compared with the bit-
string ‘111’ in the top stage. Depending on the outcome of the comparison, the second stage
either redirects the input to the output (when the input equals ‘111”), or to the third stage to
increase it by one before being output. Due to the comparator in the first stage, there will never be
overflow in the third stage, so the carry bit 1 in the most-significant Half-Adder is not connected
to other modules.

and the resulting four min-terms are combined through the Hubs to produce
the Half-Adder’s sum at the bottom and the carry at the left.

Figure 8 combines three Half-Adders into a 3-bit Conditional Counter that
adds 1 to its input in an operation, provided the input is less than the maximal
value “111°. The first stage of this counter compares the input with the bit
string ‘111° and if the input equals this string, it is redirected toward the
output; otherwise it is increased by one by the Half-Adders in the bottom
stage before the results are output.

Another useful circuit is a 1-bit memory, which requires a 2 x 3-CJoin,
as shown in Figure 9(a). The construction principle is similar to that of the
Half-Adder, with minterms produced by the six CJoins in the 2 x 3-CJoin
being summed by six Hubs. This construction involves feedback connections
to store the memory state, and Ratchets are used to retain the state. A 1-bit
memory can also be constructed from two 2 x 2-CJoins, like in Figure 9(b).



350 JIA LEE et al.

P
=1 t] 1]
FH_". % 8

Ay R, R /i

(a)

FIGURE 9

(a) One-bit memory constructed from a 2 x 3-CJoin and six Hubs. The state of the memory is
stored by one token residing on one of the input lines at the left, whereby a token on the lower
line (like in the figure) denotes the state 0 and a token on the upper line denotes the state 1. The
value 0 resp. 1 is written into the memory by putting a token on the line Wy resp. W;. After
the required value is written, a token is output to the corresponding acknowledge line Ag or A;.
Reading from the memory is done by inputing a token to line R, which results in a token output
to line Ry or line Ry, depending on the memory’s state. (b) One-bit memory constructed from
two 2 x 2-CJoins and seven Hubs. For technical reasons, the memory’s state is stored by two
tokens in parallel.

4 ARBITRATION
When there are parallel processes competing for a shared resource, the

assignment of that resource is accomplished through arbitration. The cir-
cuits in the previous section all work fine in the absence of arbitration, since

10
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FIGURE 10

(a) CSequencer facilitates arbitration of shared resources between parallel processes. An input
token on line I (resp. I2) together with an input token on line C; but without an input token on
line 1, (resp. 1) results in one output token on line O; (resp. O2) and one on line Cop. If there
are input tokens on both 17 and |, at the same time as well as an input token on C, , then only one
of the tokens on 17 and I, (possibly chosen arbitrarily) is taken together with the token on C;,
resulting in an output token on the corresponding O; or O, line and on line Co. The remaining
input token may be processed at a later time, when a new token is available on line C; . (b) Petri
net of the CSequencer. (c) CSequencer constructed from a 2 x 1-CJoin.

no resource sharing is needed. A module capable of arbitration behavior is
the Conservative Sequencer (CSequencer) in Figure 10(a), with functional-
ity as defined by the Petri-net in Figure 10(b). This module is basically a
2 x 1-CJoin (Figure 10(c)) in which simultaneous input tokens to the two
lines I, and I, are allowed, one of which passes to the corresponding output
line either Oy or O, respectively, if a token is input to line C,. This behavior
is a direct consequence of the searching process in the underlying Brownian
circuit. The fluctuations of the token input to C, drive a search inside the
module to match it with a second token input from either line I; or line Is.
As long as the token from C, fails to find a token to match with, no oper-
ations take place in the 2 x 1-CJoin, and the C, token continues its search.
This circuit is capable of arbitration as a result of the tokens being subject to
fluctuations. Absent those, the circuit may end up in a deadlock.

The CSequencer comes in various formats. The version that arbitrates n
processes is called the n-CSequencer. When n = 2, like above, the prefix is
left out. The n-CSequencer can be implemented by an n x 1-CJoin.

5 ARBITRATION-BASED CIRCUITS
When the Conditional Counter in Figure 8 is extended with memories to store
the counted value, we obtain a circuit like in Figure 11. This circuit, which

we call Counting Memory, includes functionality to count up or down by one,
or read out the memory value. An attempt to conduct these operations at the
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FIGURE 11

Counting Memory storing three bits, the value of which can be read out, or, alternatively, be
increased by one up to a maximum of ‘111” or decreased by one down to a minimum of ‘000°.
A token input to the Read line at the top left results in the memory’s value being output to the
pairs of 0- or 1-lines of bits 0, 1, and 2 at the center left. This operation requires one token to be
input for each bit to ensure that the number of tokens is conserved (lowest line of each bit). A
token input to the Count-Up line resp. Count-Down line results in the Counting Memory’s value
being increased resp. decreased by one. All three operations generate an acknowledge-token at
the lower left.
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same time in a non-arbitrating circuit would would give unpredictable results,
but this is prevented by arbitrating simultaneous calls to the circuit through a
3-CSequencer (top left), which is implemented as a 3 x 1-CJoin.

The Counting Memory output is given in dual-rail encoded form through
three pairs of 0- and 1-lines (bits 0, 1, and 2 at the center left of Figure 11).
As a result of a reading operation, tokens are output to these lines so that
they reflect the values stored in the 1-bit memories at the top of the figure.
Since the circuit conserves tokens, any number of tokens it outputs should be
compensated by input of the same number of tokens. This is the reason why
each of the output bits has a single token accompanying it on the line below
the bit’s two output lines. These input tokens are absorbed by the circuit when
a Read signal passes the arbitrator at the top left.

Increasing or decreasing the number stored in the memory is accom-
plished through the 3-bit Conditional Counter just below the center. While an
increase in value is straightforward, a decrease is done by first redirecting the
number’s bits via the three modules directly above the Conditional Counter.
These modules include functionality to convert the number represented by
the bits into its negative equivalent in two’s complement representation. This
is followed by an operation of the Conditional Counter to increase the num-
ber by one, and then convert the result back by the three Redirect modules at
the bottom. No output signals are generated by a counting operation, except
for a token at an output line at the bottom left in the figure to acknowledge
the end of the operation. Such an acknowledge signal is also generated at the
end of a reading operation.

Figure 12 shows a circuit that calls the Counting Memory from three par-
allel threads. Though the Counting Memory in itself is able to arbitrate Read,
Count-Up, and Count-Down calls, the three threads may coincidentally call
one and the same operation at the same time, which may give undesirable
results. Thread 1 and thread 3, for example, both have calls to read out the
value of the Counting Memory, but only one such call can be handled at a
time, requiring an additional level of arbitration. The modules at the bottom
center of Figure 12 provide this arbitration functionality. For each type of
operation—Read, Count-Up, or Count-Down—it allows only one call to be
made at a time. Any other calls are delayed until the Counting Memory is
available again.

The Read operation is the most complex since it requires input and output
tokens of the bits to be routed from and to the thread that made the Read call.
The part of the circuit in Figure 12 located just left of the Counting Memory
is responsible for this. It collects a Read operation’s tokens from threads,
and decides from which thread it redirects tokens to the Counting Memory
in accordance with the decision of the arbitration part at the bottom of the
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FIGURE 12

Arbitration of calls by three parallel threads to a 3-bit Counting Memory. Each thread is executed
from top to bottom and when a call to the Counting Memory is made, the correponding tokens are
submitted to the Counting Memory, but not before they pass arbitration circuitry at the bottom
center. The part of the circuitry located just left of the Counting Memory is an extension of this
arbitration circuitry, and it takes care for routing bits associated with the Read operation between
the Counting Memory and the thread requesting the operation.

figure. Similarly, the output bits of the Read operation are routed back to the
corresponding thread that made the call.

The lines in Figures 11 and 12 are all unidirectional, which allows Ratch-
ets to be placed on them. The presence of Ratchets on these lines causes no
problem, since no Brownian search needs to take place on them. All Brown-
ian searching behavior is restricted to a local level within n x m-CJoin mod-
ules. Ratchets placed outside these modules do not affect the Brownian search
process inside modules. Consequently, the only penalties in time complexity
likely to be incurred are those due to Brownian searching within n x m-CJoin
modules, but since the dimensions of these modules are small in our case, this
overhead is limited.

Sections 3 to 5 have presented designs of elementary circuits, like coun-
ters and memories, as well as examples combining these circuits into more
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complex circuits. In principle, circuits for every computable function can be
constructed, since the basis set, consisting of the Hub, the CJoin, and the
Ratchet, is universal for the class of CDI circuits. Arbitration in circuits is
facilitated by Brownian search in the underlying Brownian circuits.

6 REALIZATIONSOF BROWNIAN CIRCUITS

For Brownian circuits to be realized by a technology or a model certain con-
ditions must be met. This section discusses such conditions for circuits based
on the Hub, CJoin, and Ratchet.

Token-Based Condition. Signals are represented as tokens: it is impossible
to divide a signal into more signals, or to fuse multiple signals into one signal
when on a line, i.e. outside a module. In practice this condition implies that
signals behave like particles.

Line-Search Condition. A signal is able to explore the state space of a line
by Brownian search based on fluctuations.

Hub-Search Condition. A signal is able to explore the state space of a Hub
by Brownian search based on fluctuations. This condition is similar to the
Line-Search condition, but then extended to three lines coming together in
the Hub.

CJoin-Pair Condition. Two signals input to the CJoin (at two different
lines), pass through the CJoin in a pairwise manner. If the two signals go
back through the CJoin they do so in a pairwise manner too. This condition
does not require signals to pass through the CJoin at the same time: it just
means that when one signal passes through the CJoin, the other will also
pass. Figure 13 shows a sequence of events in which signals pass pairwise,
but not simultaneously.

In this case the CJoin has six states that are assumed in certain orders to
ensure that the correct sequences from input to output are followed. After
both signals have passed, the CJoin’s state reverts to the initial state S, i.e.,
to the state before the signals were input. If the CJoin passes its two signals
simultaneously, only one state is required.

Modularity Condition. The functionalities of the circuit elements (Hub,
CJoin, or Ratchet) do not change when they are connected to each other. In
other words, there should be no interference on the behavior inside a module
from processes at the outside.

Ratchet Condition. Ratchets are to be placed at positions where no Brown-
ian search is required. Feasible positions to place Ratchets are at output sides
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FIGURE 13

Sequences of states assumed by a CJoin when two signals are passed through it pairwise but not
necessarily simultaneously. Transitions may take place both forward or in reverse. (a) CJoin is
initially in state &, which indicates that no signals are being processed. The presence or absence
of signals on the input and output lines is irrelevant to the state here. (b) Depending on which
input signal is absorbed first, the CJoin will assume the state S5 or Sp. (c) After both input
signals are accepted by the CJoin, the state S is assumed. (d) Depending on which signal is
output first, the CJoin will assume the state S35 or Sgp. (€) After outputing both signals, the
Cloin returns to its initial state &.

of CJoins. This tends to block signals from going backwards through CJoins,
making their functionality forward-only. For the designs in this paper this
does not impede the Brownian search process. In a search tree constructed
from Hubs, Ratchets are usually placed at the root of the search tree to con-
fine tokens to a minimal search space, like in the n x m-CJoin in Figure 6.

7 SINGLE ELECTRON TUNNELING CIRCUITS

Single Electron Tunneling (SET) circuits use tunneling of electrons as the
underlying operating mechanism. The fundamental element in a SET circuit
is a tunneling junction, which is an thin layer with high electrical resistance
separating two Coulomb islands. Tunneling through a junction becomes pos-
sible when the voltage V; over the junction exceeds a critical voltage V; that
depends on the capacitance of the junction and of the remainder of the circuit.
Tunneling is a stochastic phenomenon: the transport of an electron over the
junction experiences a delay of

4= - IOQ Perr Rj Qe
|Vj | - Vc ’

where R; is the junction resistance and P is the probability that no transport
has occurred after ty seconds. Though tunneling is extremely fast (in the order

16



BROWNIAN CIRCUITS: DESIGNS 357

of picoseconds), it is unpredictable, making it less suitable for synchronously
timed architectures. For this reason, research has been initiated on how SET
could be used in the framework of token-based delay-insensitive circuits [24].
SET technology is especially suited to the token-based nature of such circuits,
with tokens representing electrons or vacancies of electrons.

Can Brownian circuits be implemented with SET technology? We will
first examine the assumptions made in more conventional SET circuits,
before addressing their potential to implement Brownian circuits. In order to
be used as tokens in Brownian circuits, electrons need to have a token-based
character, but their wave-particle duality implies that this only holds under
certain conditions. An electron’s wave function extends through a potential
barrier, thus spreading the electron over the Coulomb islands at both sides of
the barrier. If this effect was to prevail there would be no localized charges
of electrons, rendering token-based computations impossible. The quantized
nature of an electron can be made more prominent by making the tunneling
resistance sufficiently high. This ensures that the charging energy dominates
over the quantum charge fluctuations. In other words:

5

5o R G»h=R> h/ge? = 25.8kQ
-G

where h is Planck’s constant, C; is the tunnel capacitance and R; is the tun-
neling resistance. The resistance of tunneling junctions in designs is usually
chosen as 100kS2 [2,5,9, 10, 14]. The token-based nature is fundamental to
Brownian circuits, so the above requirement is important for them.

Another requirement for SET circuits concerns the thermal energy. If the
thermal energy dominates over the charging energy Eg, tunneling is very
likely to take place spontaneously, rather than controlled. The condition to
avoid this is E. = % > kg - T, where kg is Boltzmann’s constant and T is
the absolute temperature. For a temperature of 1K, for example, this equation
implies that the capacitance of a Coulomb island should not exceed 926aF.
For higher temperatures, this capacitance is lower, which imposes a strict
upper bound to the size of a quantum dot: For room temperature the capaci-
tance should be less than 1aF, which corresponds to an approximate diameter
of 1nm in silicon. In the context of Brownian circuits, the above limitation
is less strict, since spontaneous tunneling behavior has the potential to be
employed for Brownian search. Implementations of SET circuits in terms
of Brownian circuits may thus allow higher operating temperatures or larger
feature sizes.

A preliminary study on implementations of Brownian circuits by SET
technology has been conducted in [1,25] (see Figures 14 and 15). This study
focuses on a design of the Hub, as well as of a CJoin that is one-way, i.e., that
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FIGURE 14

SET circuit of the Hub based on the design in [25]. The three wire terminals of the Hub are
modeled by the Coulomb islands n1, n2, and n3. When there is an electron vacancy on nj, an
electron is supplied from either ny or n3 via junctions J; and J3, or Js and Js. Capacitance Cs3
is chosen to be sufficiently low such that the thermal energy of the electron allows it to tunnel
between n; and ny, or between n; and nz in a random fashion.

cannot reverse its tokens once they have been output. Though the CJoin in
this study is different from the (two-way) CJoin in Figure 3, it can be consid-
ered as having ratchets attached to its output lines. Strictly spoken, the CJoin
does not need Brownian search at its output sides (see Ratchet Condition in
Section 6). Therefore, incorporating ratchets in a CJoin does not compromise
the correctness of circuit designs. The one-way CJoin in combination with the
Hub can thus be used as the basis of a universal set of primitives. The one-way
design of the CJoin implies that fluctuations do not play an active role in its
operation, unlike in the design of the Hub. The Hub and the CJoin thus work
under somewhat different (but compatible) regimes of circuit parameters, the
parameter settings of the Hub facilitating Brownian search, and the settings
of the CJoin being more in line with deterministic behavior. Fluctuations in
the Hub arise when the voltages over its tunneling junctions are brought close
enough to their critical voltages such that electrons will tunnel forward and
backwards through the junctions due to thermal energy. The thermal energy
is thus effectively used as a random control voltage. The CJoin on the other
hand is designed with buffering techniques in mind [10], such that the ther-
mal energy has little or no effect on its behavior. In [1] a Half-Adder based
on these SET-designs is simulated, confirming its correct behavior.
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SET circuit of the CJoin [1]. Signals are input to the terminals V4 and Vj, and the output terminals
are modeled by the Coulomb islands n2 and n4. When input V; (resp. Vp) goes high, an electron
will tunnel through J; and J; (resp. Js and Js), resulting in a positive charge on ny (resp. n3).
When both V5 and Vj, are high and thus n; and n3 containing a positive charge, an electron will
tunnel from ns through Jip and Jg to the source Vs. This triggers the tunneling of an electron
from ng to ns. The resulting positive charge at ng will cause tunneling of an electron from n; to
n; through J; and J; and an electron from n4 to n3 through Jg and J;. The resulting positive
charges at n, and ns will then cause the charge in ng to flow to ground after an electron tunnels
through Ji4 and J13. This restores the circuit to its initial state.

8 CONCLUSIONSAND DISCUSSION

The trend towards nanocircuits that are switched by ever-decreasing numbers
of particles will eventually lead to a regime where the law of large num-
bers ceases to hold. Fluctuations of signals will play a major role, requir-
ing new ways to deal with the inherent decrease in reliability. Brownian cir-
cuits offer a new perspective in this context: they actively exploit fluctua-
tions by searching through the state space of a circuit. This strategy allows
decreased complexity of circuit primitives and circuit topologies, because it
obviates the use of added circuitry to avoid the deadlocks common in conven-
tional token-based circuits. The Brownian circuits in this paper are based on
three primitives—the Hub, CJoin, and Ratchet—that are less complex than
the primitives in [23], and that allow more straightforward circuit designs.
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Simplicity of primitives and circuits are important factors contributing to the
efficiency by which the circuits can be implemented physically.

Though Brownian circuits depend on fluctuations in their operation, they
also need to restrict fluctuations to bias Brownian search away from direc-
tions not leading to output states. This is accomplished through the controlled
use of Ratchets, which are placed so that they do not interfere with Brownian
search, while also speeding up computations. When placed at the very begin-
ning of the input lines of a circuit, Ratchets will lock in the input tokens, thus
preventing the tokens from backing out from the circuit through the input
lines. In general, Ratchets are placed so that they limit the Brownian search
space to the bare minimum, yet do not block Brownian search where it is
needed. At locations where Brownian search is indispensable Ratchets are
left out. In [23] it is pointed out that the expected time for a token with unbi-
ased fluctuations to move from one end of a line with length L to the other end
scales with L2. When Ratchets are placed at constant distances D from each
other, the token will be sped up by a factor of L /D on that line. Placement of
Ratchets on output lines of circuits allows us to fix output of a circuit, so that
signals cannot reenter it. Ratchets thus serve as buffers that isolate output of
a circuit from the random fluctuations inside the circuit.

Single Electron Tunneling (SET) circuits, discussed in Section 7, are
promising candidates for implementing Brownian circuits, because of the
discreteness of their signals, which are represented as individual electrons,
and because of the stochastic nature of tunneling, which fits well with the
asynchronous nature of Brownian circuits. Discreteness in SET circuits man-
ifests itself not only in the physical representation of a signal, but also in
the position of a signal when it is physically represented by electrons held in
Quantum dots. Quantum dots can be implemented in silicon [17], but molec-
ular implementations are also possible, like in [20], where a single Co-ion
bonded to a polypyridyl ligand behaves like a Coulomb island. In [3] tokens
are represented by electrons in the bonds of molecules that are organized on
a discrete grid.

Brownian circuits, unconventional as they may be, are no different from
traditional circuits with respect to the range of functionalities they can real-
ize. The logic design style for the Brownian circuits in this paper is based
on Canonical Disjunctive Normal Forms, with CJoins encoding minterms
and Hubs summing them. This implies that the complexity of designs is of
the same order as in traditional logic, apart from a constant factor. There
are differences too: whereas traditional electronic circuits employ voltage-
encoded signals, Brownian circuits use tokens and they work without a clock.
Due to this different framework, Brownian circuits need dual-rail encoding
to represent logical values of signals, which requires a larger number of lines.
Avrbitration, on the other hand, is implemented more efficiently in Brownian
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circuits, since it is inherent in the stochastic nature of Brownian search. Since
Brownian circuits have the potential for implementations at integration den-
sities exceeding conventional technology, the area required to implement a
circuit may be significantly decreased, even when taking into account the
overhead of dual-rail encoded lines.

Physical implementations of Brownian circuits are within the realm of
possibilities, as simulations of designs based on Single Electron Tunneling
technologies confirm. Other technologies may also be suitable for imple-
mentations, like spintronics, in which information is encoded by the spins
of electrons. Though spintronics devices are less sensitive to quantum fluctu-
ations as compared to SET, they are still subject to thermal fluctuations [18].
Another candidate is nanophotonics [16], where a token would represent an
exciton—a quasi-particle consisting of an electron and electron hole, which
results from the absorption of a photon in a semiconductor. In general, for
a technology to be suitable for implementations of Brownian circuits, it is
necessary that it supports a representation of signals that is token-based and
that are subject to fluctuations.
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Clarification of the electronic structure near the Fermi level is important in understanding the origin of
ferromagnetism in the prototypical ferromagnetic semiconductor GaMnAs. Here, we perform ultrafast transient
reflectivity spectra measurement, which is a powerful tool for selective detection of absorption edges in GaMnAs.
The results show that the Fermi level of GaMnAs exists in the band gap. By using the Kramers-Kronig relation,
we find the Mn-induced electronic states around the Fermi level, confirming that the ferromagnetism is stabilized

by spin-polarized impurity-band holes.
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GaMnAs is a prototypical ferromagnetic semiconductor
that exhibits intriguing features originating from the interplay
between ferromagnetic and semiconducting properties [1,2].
Although GaMnAs is the most investigated ferromagnetic
semiconductor, its band structure and the origin of its
ferromagnetism are still under debate. Over the past few
years, the nature of the ferromagnetism of GaMnAs has been
widely studied, with significant focus on the position of the
Fermi level [3-16]. Recent experimental studies, including
resonant tunneling [3,4], magnetic circular dichroism [5,6],
and angle-resolved photoemission [7] experiments, concluded
that the Fermi level of GaMnAs exists in the Mn-induced
impurity band (IB) inside the band gap [8—12]. In this case, the
ferromagnetism of GaMnAs is thought to be stabilized by spin-
polarized IB holes [3,4,10]. There are also reports claiming that
the Fermi level exists in the valence band (VB) [1,13-16]. In
this case, the ferromagnetism would be induced by the itinerant
spin-polarized VB holes; this spin polarization is due to p-d
exchange interactions with localized d electrons [1]. Linear
optical spectroscopy (LOS), which observes the absorption or
transmission spectrum, has been widely used to investigate
the band structure of semiconductors. However, in the case of
GaMnAs, the LOS spectrum shows a broad peak at a photon
energy close to the band gap, due to the overlap of the IB and
the VB. Thus, it is difficult to determine the position of the
Fermi level using LOS [11,17].

Here, we investigate the electronic structure near the
Fermi level in GaMnAs through measurement of the transient
reflectivity spectrum (TRS). We suggest that the TRS provides
the effective means to determine the energy of the absorption
edges as explained below [18]. The band structure of GaAs is
schematically shown in Fig. 1(a). There is an absorption edge
E, corresponding to the optical transition from the top of the
VB to the bottom of the conduction band (CB) [Fig. 1(a)].
In GaMnAs, due to the Mn-induced IB, there is another
absorption edge Ep corresponding to the optical transition
from the Fermi level to the bottom of the CB [Fig. 1(b)].
We note that this band picture is supported by recent studies
of resonant tunneling spectroscopy and the angle-resolved
photoemission spectroscopy, in which researchers observed a
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sharp VB overlapped with the disordered and energetically
broad IB [3,4,7,19-23]. In TRS experiments on GaMnA:s,
photocarriers are generated in the CB, VB, and IB by the
illumination of a pump pulse, and the excited carriers relax
to the band edges and to the Fermi level in the time scale
of tens of picoseconds [24]. Thus, the transient reflectivity
signal after 100 ps directly represents the photocarriers that
are placed at the band edges and the Fermi level. The
TRS measurement is thus sensitive to the absorption edges.
Here, we analyze the signals using a model considering a
combination of band-gap renormalization (BGR) and band
filling (BF) [25,26]. Although a similar study was reported in
Ref. [16], the excitation fluence, and thus the accumulation
of photocarriers, was rather high; this can change the band
structure because the BGR and/or BF [27] are too strong.

In this Rapid Communication, we demonstrate TRS mea-
surements on a series of Ga;_,Mn,As samples, in which the
Mn concentration x is systematically varied from 0.1% to
6%. The pump pulse fluence was carefully chosen to avoid
the aforementioned high-excitation effect. Our measurements
show that the Fermi level is located in the band gap for all
Ga;_,Mn,As films examined in our study, and that there are
Mn-induced electronic states around the Fermi level. Thus, our
results support the IB conduction picture.

Time-resolved reflectivity measurements were performed
using a degenerate (single-color) pump-probe technique. An
80-MHz picosecond pulsed laser, with a time duration of
3 ps, was chosen as the light source. Using the picosecond
laser, a high energy resolution of 0.5 meV, which is much
higher than in the previous studies using femtosecond pulses
(~10 meV) [9,16], was achieved with a photodiode and a
simple lock-in technique [see Sec. A of the Supplemental
Material (SM) [28]]. The TRS was measured by changing
the wavelength of the source laser. In our measurements, the
fluences of the pump and probe pulses were 160 and 1 nJ/cm?,
respectively. The density of photocarriers in the GaMnAs
film was estimated to be 8 x 10'3 cm™3 by assuming that light
penetrates into the sample at a distance of 800 nm from the
surface. This photocarrier density is three orders of magnitude
smaller than that in the previous study (~ 10" cm=3) [16], thus

©2016 American Physical Society
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FIG. 1. (a), (b) Schematic illustration of the band structures of
(a) GaAs and (b) GaMnAs with the optical transitions from the VB
to the CB (black arrows) and from the IB to the CB (red arrow). The
black dashed, red dashed-dotted, and black dashed-dotted horizontal
lines represent the energy of the bottom of the CB, Fermi level, and
the top of the VB, respectively. The gray region represents the IB
region. (c), (e) Schematic absorption spectra; energy spectra of «
(black solid curve), apgr (green dotted curve), and agp g (Orange
dashed curve) associated with the optical transitions (c) from the VB
to the CB and (e) from the IB to the CB. (d), (f) Calculated AR/R
spectrum associated with the optical transitions (d) from the VB to
the CB and (f) from the IB to the CB.

allowing accurate analysis and estimations (see Sec. D of the
SM [28]). The photoinduced change in the reflectivity (AR)
divided by static reflectivity R,(AR/R), was detected with an
accuracy of ~107*, using a lock-in technique as a function of
the delay time 7 between the pump and probe pulses. Both the
pump and probe pulses were linearly polarized.

For the pump-probe measurements, we used four
Ga;_,Mn,As films (x =0.1%, 1%, 3%, and 6%) with
thicknesses of 20 nm. The GaMnAs layer was grown on a
100-nm-thick GaAs buffer layer on a semi-insulating (SI)
GaAs (001) substrate by low-temperature molecular-beam
epitaxy. The Gag g99Mng oo1 As film was paramagnetic; all other
GaMnAs samples were ferromagnetic. The Curie temperatures
of the ferromagnetic GaggoMngo;As, Gago7Mngg3As, and
Gag.94Mny o6 As films were 13, 38, and 110 K, respectively.

In this study, we investigated the electronic structure near
the Fermi level of GaMnAs in the following scenario. In
GaMnAs, there are absorption edges E,; and Ef, as shown in
Fig. 1(b). Reflecting the photon energy (E) dependence of the
density of states of the VB and IB, the intrinsic absorption (&)
spectrum associated with the transition from the VB to the CB
is parabolic [black curve in Fig. 1(c)], while that associated
with the transition from the IB to the CB is step-like near
E = Ef [black curve in Fig. 1(e)] (more details can be found
in Sec. B in the SM [28]). The photogenerated holes excited
by pump-pulse illumination gradually relax to the top of the
VB or to the Fermi level by emitting optical and acoustic
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FIG. 2. (a), (b) Time evolution of AR/R (solid curves) as a
function of the photon energy E measured at 5 K (a) for SI GaAs
and (b) for GagosMngsAs. The estimated E, and Er positions are
indicated by the black and red arrows.

phonons on a time scale within ~100 ps [24]. Then, the
photogenerated carriers induce two effects on the intrinsic
absorption spectrum «-E; one is the reduction of E, via
BGR [see aggr — E in Figs. 1(c) and 1(e)], and the other
is the suppression of absorption due to state filling, i.e., BE.
These two effects change the absorption [see agp ggr — E in
Figs. 1(c) and 1(e)] [25,27] and AR (see Sec. B of the SM [28]).
Here, we define Ao as & — agp ggr- The AR/ R spectrum can
be derived from the Aw spectrum using the Kramers-Kronig

relatlonshlp gi ven b y
o0
P /
0

AR
R
where c is the speed of light in vacuum, and P denotes the
Cauchy principal value of the integral. The calculated AR/R
spectra from Figs. 1(c) and 1(e) are shown in Figs. 1(d)
and 1(f), respectively. We see that the AR/R spectra have a
dip at the intrinsic absorption edge (E; or Er). By comparing
the model calculation with the experimental results, we
determined E, and Ef for all samples used in this study, as
described later. Note that we can neglect the diffusion effect
of holes in our measurement time scale (~150 ps) due to the
low mobility of holes in GaMnAs (see Sec. E of the SM [28]).

To confirm that the AR/R signals are enhanced near
the absorption edges due to transient photocarriers, we first
measured the time evolution of the light-induced reflectivity
for the SI GaAs substrate [Fig. 2(a)] and the Gag 94Mng gsAs
sample [Fig. 2(b)] as a function of E at 5 K. We see that AR/R
signals appear near the absorption edges E, (black arrows) and
EF (red arrow) just after pump-pulse illumination, and that the
AR/R signals disappear over a nanosecond time scale. These
features can be attributed to the generation and recombination
dynamics of photocarriers trapped at Asg, antisites and holes
at the VB edge and/or Fermi level [29].

To determine Ep and E, from the experimental AR/R
spectra measured at 5 K and at + = 166 ps [plotted data in
Fig. 3(c)], we analyzed these A R/ R spectra with Eq. (1) [solid
curves in Fig. 3(c)]. As a result of the fitting, we derived the
absorption spectra shown in Fig. 3(a) and Ao = app ggr — o
shown in Fig. 3(b) for x = 6%. We clearly see absorpﬁon at E
ranging from Ef to E, [see the black solid curve in Fig. 3(a)
and Sec. C in the SM [28] for other samples]. This is evidence
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FIG. 3. (a) Absorption («) spectra derived from the analysis of
the TRS for Gag 94Mng gsAs (black curve). This is composed of the
optical transitions from the IB to the CB (E > EF) and from the VB to
the CB (E > E,). The absorption spectrum when assuming that only
the BGR occurs is shown by the (green) dotted curve. It is changed to
the one shown by the (orange) dashed curve due to the BF in addition
to the BGR. (b) A« spectrum obtained for the GaggsMng gcAs film.
(c) AR/R spectra measured at 5 K for the SI GaAs substrate and for
the Ga;_,Mn, As films (x = 0.1%, 1%, 3%, and 6%) at t = 166 ps
(plotted data). The solid curves are the fitting curves.

of the presence of the IB inside the band gap in GaMnAs. In
Fig. 3(c), EF (red arrows) has a lower energy than E, (black
arrows) for all x. This indicates that the Fermi level exists in
the band gap for all x.

Figure 4 shows the x dependence of the energy difference
Egirr between the Fermi level and the top of the VB [see
Fig. 1(b)] obtained from the data shown in Fig. 3(c). We
found that E 4 increases with increasing x, as shown by the
red diamonds in Fig. 4. These results are consistent with the
data obtained by the resonant tunneling study in the region of
x > 1% (blue circles in Fig. 4) [4] that revealed anomalous
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FIG. 4. x dependence of Egy (red diamonds). The blue solid
circles are the values reported in Ref. [4].

behavior of the Fermi level around x = 1%; Egi decreases
in the region of x < 1%, while Egy increases in the region
of x > 1% [4]. The reason for the difference in Eg when
x < 1% between this work and Ref. [4] may be explained by
the following scenario. When x < 1%, GaMnAs is insulating,
and holes are localized near the Mn atoms. Thus, the optical
transition probability from the localized impurity states to the
CB is small, due to the small wave-function overlap between
the localized photoholes and the photoelectrons. This leads
to the small signal for x = 0.1% [Fig. 3(c)] and may make
the correct derivation of the fitting parameters difficult. In the
region of x > 1%, the values of Ej obtained in our study are
slightly smaller than those obtained in previous reports [3,4].
This difference may be caused by the screening effect of the
potential of the Mn atoms on photoexcited carriers or the small
overestimation of Egi in the resonant tunneling study due to
series resistance. The most important feature of our results
is that our TRS measurements successfully reproduced the
anomalous behavior of the Fermi level when x > 1%.

In summary, we studied the electronic structure near the
Fermi level in GaMnAs by measuring the TRS using a
low pump power (160nJ/cm?) at a high energy resolution
(~0.5 meV). The data show light-induced changes in the
reflectivity spectra, attributed to BGR and BF. We reproduced
the observed AR/ R spectra in a calculation based on our band
structure model, and found that the Fermi level is located in
the band gap. We found Mn-induced electronic states near the
Fermi level inside the band gap in all GaMnAs films studied
here. This confirms that spin-polarized IB holes stabilize the
ferromagnetism in GaMnAs.
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Abstract We fabricated an optical waveguide having a
high optical confinement effect using a silicon-on-insulator
substrate, and we eliminated the difficulty involved with
optical alignment for making laser light pass through a p—n
homojunction that is transparent to infrared light. Laser
light was introduced via one of the cleaved edges of the
optical waveguide and was guided to the transparent p—n
homojunction, and the power of the light emitted from the
other edge was measured. As a result, we successfully
evaluated the optical amplification properties with high
precision. For light with a wavelength of 1.31 um, we
obtained a differential gain coefficient of g = 2.6 x
1072 cm/A, a transparency current density of J, = 1
mA/cm?, and a saturation optical power density of Py, =
30 kW/cm?. The observation of gain saturation due to the
incident optical power shows that this measurement
method was suitable for evaluating the optical amplifica-
tion properties.
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1 Introduction

Silicon (Si) is an indirect transition-type semiconductor
and has therefore been considered unsuitable as a material
for light-emitting devices. However, if an infrared laser
could be fabricated using Si bulk crystal as the lasing
material, the transparency current density, J,, would
become extremely small, and consequently, there would be
a possibility of achieving an extremely small threshold
current density, Jy,. The main reason for this is that light
absorption loss is small because the photon energy of
infrared light is smaller than the bandgap energy, E,, of Si.
Other advantages include the natural abundance of Si as a
raw material, the ease of integration with electronic cir-
cuits, and the ability to make use of the wealth of existing
processing technologies that have already been developed
for Si electronic devices [1].

Stimulated Raman scattering [2-5], crystal defects [6],
Si nanocrystals [7], B-doped SiGe/Si quantum wells [8],
etc. have recently been used to realize Si lasers; however,
researchers have encountered problems that prevent the
realization of practical devices, such as the difficulty of
achieving room-temperature operation via current injection
and insufficient quantum efficiency. To solve these prob-
lems, we have proposed a light emission principle based on
dressed photons (DPs) [9], as well as a novel fabrication
technique called dressed photon—phonon (DPP)-assisted
annealing. A DP is a quasiparticle that represents a coupled
state between a photon and an electron—hole pair in a
nanoscale region [9]. DPs also couple with multimode
coherent phonons [9], and the quasiparticle representing
this coupled state is a DPP. By using this technique, we
fabricated the world’s first infrared Si laser having a p-n
homojunction structure and achieved continuous oscillation
at room temperature (oscillation wavelength approximately
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1.3 pum; threshold current density 1.2 kA/cm?) [10]. More
recently, we fabricated a laser having an optical waveguide
with a large optical confinement factor and achieved a
remarkably low threshold current density of 40 A/cm?
[11].

In order to design a high-performance infrared Si laser,
it is important to evaluate the optical amplification prop-
erties with high precision. In a conventional infrared laser
using a direct-transition-type semiconductor, the optical
amplification properties are evaluated by introducing light
into the optical waveguide from the outside and measuring
the power ratio relative to that of the emitted light [12]. In
contrast to this approach, until now we have evaluated the
optical amplification properties by using the photocurrent
density generated in a Si photodetector (Si-PD) with opti-
cal gain [13]. By using this method, we can evaluate the
features of Si as the laser medium, such as the optical gain
and transparency current density, even though the device
has a very small optical confinement factor, like a PD [11].

In the present research, we solved these technical
problems and evaluated the optical amplification properties
with high precision by using the evaluation method
employed for conventional semiconductor lasers. To do so,
we fabricated a wide optical waveguide using a silicon-on-
insulator (SOI) substrate, and by increasing the optical
confinement factor, we improved the alignment precision
of the light incident on one cleaved edge of the optical
waveguide and the measurement precision of the intensity
of light emitted from the other edge. This enabled us to
evaluate the saturation optical power density with high
precision. This paper reports the results of this evaluation.

2 Device structure and DPP-assisted annealing
conditions

The light emission principle, the structure of the SOI
substrate used, the ion implantation profile for introducing
boron (B) atoms, which are p-type dopants, and so forth
were the same as those for the case of the infrared Si laser
reported in our previous paper [11]. However, as shown in
Fig. 1a, the width of the optical waveguide was increased
to 750 pm (compared with 8 um in the previous paper
[11]). An overview of the SOI substrate is as follows. The
device layer in the SOI substrate was P-doped n-type Si
(resistivity 0.020-0.034 Qcm) with a thickness of 15 pm.
The thickness of the SiO, insulation layer was 2 pm, and
the thickness of the Si support substrate was 575 pm. The
concentration of B atoms doped in the device layer was
1 x 10"/em® (the maximum acceleration voltage for ion
injection was 700 keV). From simulation calculations, the
p—n homojunction interface was found to be at a depth of
1.5-2.5 pm from the surface of the SOI substrate.

@ Springer
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Fig. 1 a Schematic diagram of optical waveguide and b SEM image
of edge of waveguide

After ion implantation, the substrate was cleaned by
SPM (a 1:1 by volume solution of sulfuric acid/hydrogen
peroxide) at 150 °C for 30 min and was washed with
hydrofluoric acid. Next, we performed the following
processes.

1. Chromium/platinum films (5-nm Cr/670-nm Pt) were
deposited on the entire surface of the SOI substrate by
RF sputtering.

The Cr/Pt films on the SOI substrate were coated with
electron beam (EB) resist (OEBR-CAP112) by spin-
coating. Then, the EB resist was patterned by EB
lithography to leave a 750-pum-wide stripe.

The Cr/Pt films were etched by ICP-RIE using argon
(Ar) gas.

Using the 750-pm-wide Cr/Pt stripe formed in Step 3
as a mask, the SOI substrate was etched with CF, gas
to form a ride-type optical waveguide (thickness 2 pm;
width 750 pm).

For use as current injection electrodes, Cr/Pt/Au films
(with thicknesses of 5 nm/400 nm/400 nm) were
deposited by RF sputtering.

To form positive (p) and negative (n) electrodes, the
SOI substrate was again coated with an EB resist film,
and EB lithography was performed.

The Cr/Pt/Au films were etched by ICP-RIE using Ar
gas so as to form two separate electrodes, serving as
positive and negative electrodes on the p layer and the n
layer, respectively. Multiple optical waveguides were
fabricated on the SOI substrate via the above processes.
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The SOI substrate was diced by using stealth dicing to
separate adjacent optical waveguides. The two edges
of the optical waveguides were also cut by stealth
dicing. The ridge-type optical waveguides had a width
of 750 pm, a length of 2000 um, and overall dimen-
sions of 1.5 mm x 2.0 mm.

Figure 1b is an SEM image of the edge of one of the
waveguides after completing the processing. We confirmed
that vertical etching was performed and that the ridge
height was 2 pm, as designed.

DPP-assisted annealing was performed for 1h by
introducing laser light with a photon energy of hv,,
neal = 0.95 eV (wavelength 1.31 pum) and a power of
40 mW via one of the cleaved edges of the optical
waveguide while simultaneously injecting a triangular-
wave current (current density 0—40 Alem?, voltage 0-3 V,
frequency 1 Hz) to bring about Joule heating. With this
procedure, we fabricated an infrared Si light amplification
device which was suitable for evaluating the optical
amplification properties with high precision.

3 Measurement of differential gain coefficient,
transparency current density, and saturation
optical power

It is known that an infrared Si laser [10, 11] and an infrared
Si LED [14] fabricated by DPP-assisted annealing emit
light having the same energy as the photon energy, AVanneal,
of the light radiated during annealing. Therefore, we
measured the optical amplification properties for light
having a photon energy of hvieaq = 0.95 eV (corre-
sponding to a wavelength of 1.31 pm). Laser light was
made to enter one of the cleaved edges of the optical
waveguide (optical power, P;,), and after being guided
through the optical waveguide, the power, P, of the light
emitted from the other edge was measured. To take the
measurement, we used an infrared camera having an
InGaAs detector array (Xeva-1.7-320 manufactured by
Xenics, wavelength range 0.9—-1.7 pm). A triangular-wave
current identical to that injected during annealing (current
density 0-40 A/cm?, voltage 0-3 V, frequency 1 Hz) was
injected into the device in order to amplify the incident
optical power.

The measured dependency of the emitted optical power,
P,y on the injected current is shown in Fig. 2. The inci-
dent optical power, P;,, was 11 mW. We confirmed that the
emitted optical power increased with increasing injected
current. The relationship between the differential gain
coefficient, g, and the injected current density, J, was
determined from the expression Pou/Pou(J = 0)=
exp(gJd), with reference to the value of P,, when the

29

7.5 —
o
oo m
® o O
oo.n '..
: e
< 70t . ;
g o
3 .
2 65} °° ;
o .:'o.
0 10 20 30 40
J (A/sz)

Fig. 2 Dependency of emitted optical power on injected current
density at wavelength of 1.31 pm (P, = 11 mW)

injected current density was 0. Here, d is the length of the
waveguide (=2,000 um). The value of the optical gain
G can be obtained from G = gJ — «, based on the
absorption loss of Si (o« = 2.7 x 10_5/cm) at the wave-
length of 1.31 pm [15].

Figure 3 shows the measurement results for the depen-
dency of G on J and the incident optical power, P;,. G was
measured at 36 points in the range of incident optical
powers P;, = 0.6-140 mW. Figure 4 shows the depen-
dency of G on J at P;;, = 11 mW. The inset is a magnified
view at J = 0. From these figures, since G was propor-
tional to J at J <25 A/cmz, these measurement results
were fitted with a straight line. From the intersection of this
straight line with the horizontal axis, the value of the
transparency current density, J,,, was determined to be
1 mA/cm?. In this measurement, the length of the gain
layer through which the laser light passed was 1 x 10°
times larger than that of the previous measurement using a

Fig. 3 Dependency of optical gain on incident optical power and
injected current density at wavelength of 1.31 um
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Fig. 4 Dependency of optical gain on injected current density at
wavelength of 1.31 um (P, = 11 mW)

Si-PD, and we could measure the amplified light precisely
by making the spot size of the laser light ten times larger
than that of the previous measurement. Thus, the volume
involved with the optical gain was 1 x 10" times larger
than the previous measurement. Therefore, the value of Ji,
measured this time is different. Since we could estimate the
value with higher precision in this measurement, we con-
clude that this value should be used in the design of future
devices. In the region J > 25 A/cm? in Fig. 4, the slope of
the gain coefficient decreased slightly. In other words,
slight gain saturation was observed. This is considered to
be due to leakage current.

Figure 5 shows the dependency of the differential gain
coefficient, g, on P;,. From this figure, at P;, <40 mW,
g does not take a constant value but decreases as Pj,
decreases. This is because, when P;, is small, most of the
electroluminescence (EL) is spontaneously emitted light,
which spatially diverges, and therefore, it was not possible
to collect and measure all of the emitted light. However, as

0.03 : . . . . ,
. ]
Q. -o <
0.021,"
g | e
5 o
o 0.01F
P
O N 1 N 1 1
0 40 80 120
P (mW)

Fig. 5 Dependency of differential gain coefficient on incident optical
power at wavelength of 1.31 um
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P;, increases, the EL power due to stimulated emission
increases, and the directionality of the emitted light also
increases, and therefore, the measurement precision for
measuring P, is improved. As a result, at P;, > 40 mW,
the measured value of g reaches a constant value of
2.6 x 1072 cm/A. On the other hand, at P;, > 100 mW,
g decreases as P;, increases. This indicates saturation of the
optical gain. The above measurement results were fitted by
the two straight lines in Fig. 5. This gain saturation has also
been observed in conventional optical amplifiers using
compound semiconductors [16], and therefore, we can
conclude that this measurement method is suitable for
evaluating the optical amplification properties. Although
g takes a constant value of 2.6 x 1072 cm/A in the center
part of this figure, as described above, by estimating the
value of P, at which g is reduced by 3 dB from that value
using the fitted straight line, a saturation power density of
Pg. = 30 kW/cm? was obtained.

4 Summary

We fabricated an optical waveguide having a high optical
confinement effect using an SOI substrate, and the
waveguide was endowed with gain by subjecting it to DPP-
assisted annealing. Infrared laser light was introduced into
the waveguide from one of the cleaved edges and was
guided to the gain layer, which was formed of a p—n
homojunction that was transparent to infrared light, and the
power of light emitted from the other edge was measured.
As a result, we were able to evaluate the optical amplifi-
cation properties with high precision. For light with a
wavelength of 1.31 um, we obtained a differential gain
coefficient of g = 2.6 x 1072 cm/A, a transparency cur-
rent density of J, = 1 mA/cm?, and a saturation power
density of Py, = 30 kW/cm?. Since we were able to
observe gain saturation due to the incident optical power,
we confirmed that this measurement method is suitable for
evaluating the optical gain.
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Abstract We propose a novel method for observing and
utilizing nanometrically fluctuating signals due to optical
near-field interactions between a probe and target in near-
field optical microscopy. Based on a hierarchical structure
of the interactions, it is possible to obtain signals that
represent two-dimensional spatial patterns without requir-
ing any scanning process. Such signals reveal individual
features of each target, and these features, when appro-
priately extracted and defined, can be used in security
applications—an approach that we call nanophotonic
security. As an experimental demonstration, output signals
due to interactions between a SiO, probe and Al nanorods
were observed by using near-field optical microscopy at a
single readout point, and these signals were quantitatively
evaluated using an algorithm that we developed for
extracting and defining features that can be used for
security applications.
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1 Introduction

In the critical-security battlefield, a defender tries to pro-
duce novel patterns that are difficult to accurately copy,
and an attacker seeks a method to counterfeit such patterns
[1]. Artifact metrics [2] is one of the most promising
concepts for security applications. Artifact metrics utilizes
various physical features unique to individual objects in
terms of their physical properties, including their electro-
magnetic [3, 4], mechanical, and optical properties [5, 6].
Some results have been reported in actual implementations,
such as ordinary paper [6], paper containing magnetic
microfibers [7], plastics, and semiconductor chips. In par-
ticular, the essential characteristics of artifact metrics have
been ascribed to a physical unclonable function [8]. On the
other hand, recent technological advancements in micro-
fabrication show promise for realizing various novel
technologies that go beyond unclonable functions those
developed so far, which have been limited to micrometer-
scale precision. Against this background, we recently
proposed and demonstrated the concept of nano-artifact
metrics, which uses nanometer-scale unclonable patterns
organized in a random manner [9], which is expected to
offer robustness against cloning attacks.

As a further development of nano-artifact metrics, here
we propose the concept of nanophotonic security, which is
realized by combining nanophotonic principles [ 10—12] with
the basics of nano-artifact metrics. Nanophotonics is a novel
optical technology utilizing local interactions between
nanometric particles via optical near fields. The optical near
fields behave as a virtual cloud of photons that is constantly
localized around nanometric materials illuminated by inci-
dent light. Since the virtual cloud of photons is localized in a
region close to the electrons in the material, they can effec-
tively interact with the materials in a unique manner [13].

@ Springer
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Exploiting the characteristic behavior of optical near fields
for implementing optical devices and systems enables novel
functions that would otherwise be impossible as long as
conventional propagating light is used. In nanophotonic
security, signals are read out by a nanometric reader from a
nanometric device. Because such signals necessarily reveal
specific individuality not only about the device but also about
the reader, they are fundamentally difficult to be known from
the nanometerical patterns of the reader and the device. Of
course, unclonability of their nanometrical patterns is
assured due to the basic concept of nano-artifact metrics.
Based on these factors, nanophotonic security merits atten-
tion and is expected to be lead to novel optical security
techniques that will be essential for our sophisticated infor-
mation society of the future.

Here, as an experimental demonstration of nanophotonic
security, we propose using near-field optical microscopy
(NOM) without a scanning process as a reader. In general,
use of NOM entails a scanning process for observing a
high-resolution two-dimensional image of spatially dis-
tributed optical near fields. However, such a process is not
necessarily required in the case of our security applications,
because only individual features of each device are
required. Instead, appropriate definitions, evaluation of
features, and corresponding signal processing are required.
In this paper, first the concept and basic procedure of
nanophotonic security based on non-scanning NOM are
described. Then, results of some experimental demonstra-
tions are shown, and the validity of our approach in an
actual application is discussed.

2 Basic procedure

During the readout process in NOM, optical near-field
interactions are induced between the nanometrical tip of a
probe and a target. Due to these interactions, the readout
signals reflect the degree of molecular attraction and the
optical responses. By employing an autonomous control
mechanism via a feedback structure in the setup, the probe
is kept at a constant distance from the target. Here, we
focus on inevitable fluctuations of the probe position dur-
ing the readout process. Based on the concept of the
inherent hierarchy of optical near-field interactions [14],
interactions at various spatial scales are necessarily
induced during these fluctuations. That is to say, NOM
sequentially observes compressed information [15-17]
about spatial patterns of the target from a single readout
point, in other words without any scanning process.
Figure 1 schematically summarizes the basic procedure of
our proposed nanophotonic security system based on non-
scanning NOM, from readout of the signals to extraction
and evaluation of their features.

@ Springer
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First, constantly fluctuating signals consisting of the optical
responses and signals due to molecular attraction are read out
by the non-scanning NOM. Generally, the frequency of such
fluctuations can be directly controlled by setting the parame-
ters of the experimental setup. Because the two fluctuating
signals in Fig. la are obtained with the same time sequence,
they can be combined to the single result shown in Fig. 1b. We
plotted signals due to molecular attraction on the horizontal
axis and signals due to optical responses on the vertical axis.
Due to the feedback structure in the setup, the results show
orbit-like modulation during the processing time. To allow
simple evaluation of the resultin Fig. 1b, binary image coding
is performed, as shown in Fig. 1c, and the filled-in binary
image is subjected to feature extraction. In this paper, the
coordinates of corners in the image are defined and utilized as
features of the obtained signals. In order to define and deter-
mine the coordinates of corners in the image, we employed the
features from the accelerated segment test (FAST) [18]
method. While various feature extraction methods have been
actively studied [19-21] for realizing high-speed classifica-
tion and searching of images, the FAST method is known to be
one of the most effective methods. In the FAST method, only
corners are defined as features of a target image, and decision
tree analysis is employed to realize real-time processing.
Finally, the coordinates of the corners found in each image are
defined as individual features of the readout signals and cor-
responding device.

3 Experimental demonstration

In order to experimentally demonstrate our basic proce-
dure, non-scanning NOM with a SiO, probe and Al
nanorods was used as a reader and a device, respectively.
The radius of curvature of the tip of the probe was less than
20 nm, and the tip was covered with a 50-nm-thick Au
layer formed by sputtering, as shown in Fig. 2a. A reso-
nance oscillator with an oscillating frequency of 32 kHz
was attached to the probe for detecting molecular attraction
between the probe and the device. The distance between
the probe and the nanorods was set to be less than 50 nm.
The nanorods were grown on a Si substrate by the glancing
angle deposition (GLAD) method [22]. This method can
realize various sizes, shapes, and constituents of nanorods
by controlling multiple independent magnetron sources and
three-dimensional rotation stage, which perform the
deposition of materials by positioning a sample substrate
over each magnetron at the appropriate distance and angle.
We prepared two types of device, called device 1 and de-
vice 2, which consisted of elements having diameters of
30 nm and 70 nm, as shown in Fig. 2b, c, respectively. All
nanorods were grown in the direction vertical to the sub-
strate, and they are slightly less than 200 nm in heights, in
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Fig. 2 SEM images of a tip of the probe of non-scanning NOM, and top views of nanorods in b device 1 and ¢ device 2

both devices. A laser with a wavelength of 532 nm was
used to induce optical near-field interactions and corre-
sponding molecular attractions and optical responses.
Signals due to the optical responses were detected by a
photo-multiplier R-3896, manufactured by Hamamatsu
Photonics, Japan, and read out as electrical signals, as well
as molecular attractions.

Figure 3 shows the two-dimensional plot of the readout
signals due to molecular attraction and the optical
responses. For comparison, a single reader and two types of
devices, device 1 and device 2, were used, and readout
distances between the reader and each device are set at less
than 50 nm; the plots for these devices are shown in
Fig. 3a, b, respectively. A clear difference can be recog-
nized between the two results.

To quantitatively evaluate the difference between the two
results, both results were coded to produce filled-in binary
patterns, and then, their corners were extracted as their
individual features, as we described in the previous sec-
tion. Then, in order to quantitatively evaluate these results,

35

we calculated similarity values by comparing the coordinates
of the extracted corners of both images. Generally, the
similarity value is defined as the Hamming distance between
two sets of data. In our case, the coordinates of the corners
were coded to a binary data set, and the two sets of data were
compared with the other. As a result of this calculation, the
similarity value between the two was calculated to be 0.10,
when normalized to a maximum value of 1.00 in the case of
self-similarity. The difference between the two values, 0.10
and 1.00, is sufficiently large for actual authentication
between device 1 and device 2.

4 Discussion

In order to experimentally verify the validity of our pro-
posed method and to quantitatively evaluate it using sim-
ilarity values, other similarity values were obtained for
various readout points on the target. We read out signals at
discrete points on a single device and coded the results to
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Fig. 4 Filled-in binary images obtained at discrete points on device
1, —1000 nm to +1000 nm away from a reference point

produce filled-in binary images, as shown in Fig. 4, which
is the result with device 1.

One image is defined as a reference image, and we
calculated the relative similarity values between the ref-
erence image and the others. Figure 5a, b shows calculated
similarity values in the case of using device 1 and device 2,
respectively. Additionally, at each point, we set two read-
out distances between the probe and the nanorods: One
distance was set at about 100 nm, which we refer to as
farther readout, and the other distance was set at less than
50 nm, which we refer to as nearer readout. In the case of
farther readout, the spatial scale of the interactions between
the probe and the device was much larger than in the case
of nearer readout.

The main finding shown in these results is that all
similarity values exhibited periodical increasing and
decreasing. This indicates that the obtained signals at each

0

-05-0.1-0.2-03-04 0 0.1 0203 04 05
Signals due to

molecular attractions [V]

0

-05-01-0.2-03-04 0 0.1 0.2 0.3 0.4 05
Signals due to

molecular attractions [V]

single readout point are the result of interactions between
the probe and the spatial patterns of the nanorods, as we
described in the previous section. If this were not the case,
the fluctuations of the similarity values would be more
random and steeper, but this was not observed. Further-
more, the difference in periods between the results of
nearer readout and farther readout corroborates our
hypothesis. For example, when using device 1, as shown in
Fig. 5a, the pitches of the troughs are about 1200 nm and
2000 nm in the case of nearer readout and farther readout,
respectively. Because the signals obtained with farther
readout correspond to a larger spatial scale of interactions,
the pitch of the increasing and decreasing similarity values
becomes necessarily large. In the case of nearer readout,
the opposite tendency was revealed. A similar comparison
and reasoning also applies in the case where device 2 is
used, as shown in Fig. 5b, where the results of nearer
readout and farther readout showed trough pitches of about
500 and 800 nm, respectively.

S Summary

With the goal of verifying the validity and effectiveness of
nanophotonic security, we demonstrated the definition and
acquisition of individual features of nanometric patterns

Fig. 5 Similarity values a b
between the reference image ( ) 1.0 nearer ( ) 1.0 nearer
and other discretely obtained a - a -
images with two different = 0.8 | —farther =) 0.8 | - farther
readout distances [nearer § 06 g 0.6
readout (red bars) and farther > >
readout (blue bars)] using % 04 % 0.4
a device 1 and b device 2 E E
= 02 = 0.2
w w
0 0
-1,000 -500 0 500 1,000 -1,000 -500 0 500 1,000

Distance between the target point [nm]
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using non-scanning NOM. Our proposed method is suitable
for application to actual situations as it takes only a short
amount time, less than 1 s in our demonstrations, for the
readout process, because it does not require the scanning
process that is normally required when using NOM. This
aspect, which was realized by exploiting nanometrically
fluctuating signals due to optical near-field interactions, is
expected to be a conceptual breakthrough not only for
security applications but also for various applications
related to optical information processing. Finally, although
we produced filled-in binary images from readout fluctu-
ating signals and extracted the coordinates of the corners in
each image as individual features of each device, this
procedure is just one possible procedure used to demon-
strate the basic idea of our proposed method. Further
studies will need to be performed to optimize each step in
our proposed procedure.

The authors wish to thank Y. Pihosh, K. Mawatari, and
T. Kitamori in the Department of Applied Chemistry at
The University of Tokyo for their technical assistance in
preparing the Al nanorods used for our experimental
demonstrations. This work was partially supported by the
JSPS Core-to-Core Program (A. Advanced Research
Networks).
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Abstract We developed a visible silicon light-emitting
diode (Si-LED) with a lateral p—n homojunction using
dressed-photon—phonon (DPP)-assisted annealing. The
lateral p-n homojunction was fabricated in order to
decrease the absorption loss inherent in light emission with
a photon energy higher than the band-gap energy of the
material. The fabricated Si-LED emitted light in the entire
visible range, including the three primary colors. The light
extraction efficiency of the Si-LED was estimated to be 7.8
times higher than that of a conventional LED structure with
a vertical p—n homojunction. Owing to the efficient light
extraction, we clearly observed two novel features in the
electroluminescence (EL) spectrum: a nonlinear increase in
the EL intensity with the injected forward current, and an
emission peak at 2.7 eV, at which there is no singular point
in the electronic structure. From these features, we con-
cluded that the EL from the Si-LED originated from the
phonon-assisted radiative recombination of carriers with
much higher energy than that of the bottom of the con-
duction band, via DPPs.
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1 Introduction

Silicon (Si) is considered to be an unsuitable material for
light-emitting devices due to its indirect band-gap struc-
ture. In the past few decades, many researchers have tried
to improve the light emission from Si in the visible range,
mainly utilizing the quantum confinement effect in
nanostructures, such as quantum dots [1-3] or porous Si
[4-6]. However, achieving visible light emission from
these nanostructures in order to fabricate practical opto-
electronic devices is still a challenge due to the difficulty in
injecting current. Visible luminescence has also been
observed in a bulk Si crystal, originating from radiative
recombination of hot carriers by using carrier injection via
a scanning tunneling microscope [7], avalanche breakdown
[8], or the Purcell effect in a plasmonic structure [9].
However, these light emission processes were realized
under special conditions or photoexcitation and are difficult
to be directly applied to optoelectronic devices.

To apply the EL from bulk Si crystal to practical devi-
ces, the authors have developed light-emitting diodes
(LED) using a p—n homojunction [10-13]. By applying a
method called dressed-photon—phonon (DPP)-assisted
annealing [14], we realized an Si-LED with an external
quantum efficiency of 15 % in the infrared band [10]. A
dressed photon (DP) is a quasi-particle representing a
coupled state of an electron-hole pair and a photon, and a
DPP is a quasi-particle representing a coupled state of a DP
and phonons. This DPP is generated around a suitable
distribution of dopants after the DPP-assisted annealing
process, which enables efficient light emission from Si.
The photon energy of the light emitted from this Si-LED is
identical to that of the laser light irradiated during the
annealing process, regardless of the band-gap energy of Si
(E, = 1.12 eV). By utilizing this property, we have
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succeeded in fabricating a visible Si-LED by irradiating it
with visible laser light [13]. However, visible Si-LEDs
have the intrinsic problem of a low light extraction effi-
ciency originating from large absorption loss. Since semi-
conductors generally absorb light with a photon energy
higher than E,, visible photons emitted by the p—n homo-
junction in the Si-LED are absorbed before they reach the
surface of the LED. To improve the light extraction effi-
ciency, this absorption loss must be reduced.

In the present paper, we developed a visible Si-LED with a
lateral p—n homojunction. Since radiative recombination of
electron—hole pairs occurs near the surface in this structure,
the absorption loss is expected to be lower. After forming the
p—n homojunction by the laser doping method, DPP-assisted
annealing was conducted to enhance the light emission of the
Si-LED. Due to the resultant high extraction efficiency, we
observed two novel features in the EL spectrum. One is that
the EL intensity nonlinearly increased with the injected
forward current. The other is that an emission peak was
observed at a photon energy of 2.7 eV, even though there is
no singular point in the electronic structure of Si. These
features indicate that light emission from the visible Si-LED
originates from the phonon-assisted recombination of car-
riers with higher energy than that of the bottom of the con-
duction band, via DPPs.

The paper is organized as follows. In Sect. 2, we
describe the principle of light emission from bulk Si. In
Sect. 3, we present the fabrication process of the Si-LED
with the lateral p—n homojunction. In Sect. 4, we discuss
the experimental results, mainly the obtained EL spectrum
and its dependence on the forward bias. Finally, we sum-
marize our work in Sect. 5.

2 Principle of light emission

The light emission from the Si crystal presented in this
paper utilizes DPPs [14]. The origin of DPPs has been
theoretically derived [15], and they have been experimen-
tally observed [16] at the tip of a glass probe. In semi-
conductor crystals, DPPs are also generated and localized
at dopant distributions [10, 17]. Using DPPs, the difference
between the wavevector of an electron and that of a hole,
which prevents radiative recombination in indirect-transi-
tion-type semiconductors, is compensated by the
wavevector of a phonon, because DPPs strengthen the
coupling between an electron-hole pair and a phonon by
several orders of magnitude [12]. Therefore, the DPPs in
the crystal enable light emission with high efficiency.

To induce the light emission process via DPPs, a dopant
distribution that efficiently generates DPPs is required. By
applying the annealing method that we developed, called
DPP-assisted annealing, such dopant distributions are
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formed in a self-organized manner. In DPP-assisted
annealing, a forward current is injected into the device
while irradiating it with laser light having a photon energy
hwanneal-

Here, we describe the physical mechanism by which the
dopant distribution is modified in DPP-assisted annealing.
After starting annealing, heat is generated in the device by
absorption of the laser irradiation and Joule heating caused
by the injected current. As a result, the dopant atoms are
thermally diffused, causing their microscopic distribution
to vary. During this diffusion process, there is a probability
of forming a dopant distribution that efficiently generates
DPPs. Around such a distribution, radiative recombination
of electron—hole pairs is enabled by coupling with phonons
induced by the DPPs. Therefore, a photon that enters the
dopant distribution produces a photon with the same
energy as that of the incident photon via stimulated emis-
sion. Since the generated photon is radiated outside the
dopant distribution, one part of the thermal energy is dis-
sipated, reducing the heat generation. Therefore, the ther-
mal diffusion rate of the dopants in the region in which
DPPs are efficiently generated is low compared with that in
the region in which DPPs are hardly generated. Conse-
quently, the number of regions having the dopant distri-
bution that efficiently generates DPPs increases through the
DPP-assisted annealing process. Note that the formed
dopant distribution is suitable for emitting a photon with
energy fmanneal, the same as that of the laser light irradiated
during DPP-assisted annealing. This is because the process
of modifying the dopant distribution involves stimulated
emission, and the probability of spontaneous emission is
proportional to that of stimulated emission. Therefore, the
fabricated Si-LED is expected to efficiently emit photons
with a photon energy fidyneqr- Indeed, the EL enhancement
around fim,nnea; has been observed experimentally for other
Si-LEDs fabricated by the DPP-assisted annealing [10-13].

3 Fabrication process

The fabrication process was basically the same as that pre-
sented in Ref. [13]. However, in this study, we fabricated a
lateral p—n junction, as schematically illustrated in Fig. 1a, to
reduce the absorption loss. Fabricating a p—n homojunction
structure by ion implantation is costly and is thus unsuitable
for mass production. Therefore, we adopted the laser doping
method, which is suitable for forming a lateral p—n homo-
junction due to its ability to selectively inject dopants by
irradiating the required regions with laser light.

The detailed fabrication process was as follows. First, to
serve as electrodes, we deposited chromium/platinum (Cr/
Pt) layers with a total thickness of 300 nm on an n-type
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Fig. 1 Schematic diagram and
photograph of the Si-LED with
the lateral p-n homojunction,
and its basic properties. a

(a)

Schematic diagram of the
structure of the Si-LED with the

lateral p—n homojunction. b
Photograph of the device after

SiO2

laser doping. ¢ Voltage—current
characteristic of the Si-LED. d
EL spectrum of the band-edge
emission under a forward bias
of 15 V. The green dashed line

indicates E, of Si. The relatively
broad linewidth originates from
the high voltage applied to the
device. The inset shows a
photograph of the Si-LED
acquired by a CCD camera in
the infrared region

EL intensity [a.u]

-4

-2 0

Voltage [V]

silicon-on-insulator (SOI) substrate in which the thickness
of the device layer was 10 pm and the resistivity was 0.5
Q cm. The sizes of the substrate and the electrodes were 4
mm x 8§ mm and 3 mm x 3 mm, respectively. Second, we
spin-coated B-doped Si nanocrystals (NanoGram® Si ink)
with a B density of 1 x 10%° cm® on a half of the substrate,
and then irradiated it with pulsed laser light having a
photon energy of 2.35 eV and a fluence of 4.0 J/cm® to melt
the nanocrystals and form a B-doped p-layer. A photograph
of the Si-LED after the laser doping process is shown in
Fig. 1b. The region shown as the p-layer is the region
irradiated with the pulsed laser light.

Figure Ic, d shows the fundamental properties of the
fabricated Si-LED. Both the rectification property seen in
the current—voltage characteristic in Fig. 1c and the band-
edge emission in the EL spectrum in Fig. 1d clearly indi-
cate that a lateral p—n homojunction was successfully
formed by the laser doping process.

Finally, we conducted DPP-assisted annealing by
applying a forward bias of 15 V and irradiating the device
with CW laser light having a photon energy Zwappeas = 3.06
eV and an intensity of 8.0 W/cm? for 3 h in order to
enhance the visible luminescence from the Si-LED.

4 Results and discussion

Figure 2 shows the EL spectra of the fabricated Si-LED
under a forward bias of 15 V during the DPP-assisted
annealing. The black, blue, and red curves show the EL
spectra measured before, and after 30 and 90 min of
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Fig. 2 The EL spectra of the Si-LED under a forward bias of 15 V
during the DPP-assisted annealing. The black, blue, and red curves
indicate the spectra measured before, and after 30 and 90 min of
annealing, respectively. The purple dashed line shows hwynpea, the
photon energy of the laser irradiated during the annealing

annealing, respectively. Even before the annealing, the Si-
LED exhibited visible luminescence with mainly two peaks
at 1.9 and 3.0 eV. From the photon energy, the origin of the
EL at 3.0 eV is attributed to the direct transition of elec-
trons at the singular point I' in the band structure of Si,
which satisfies the wavenumber conservation law. On the
other hand, the origin of the EL at 1.9 eV is attributed to
the radiative transition of electrons at the L point via
scattering by phonons, because electrons and phonons are
weakly coupled even before the DPP-assisted annealing.
To the best of our knowledge, there has never been a report
of visible EL from a p—n homojunction formed in bulk Si
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crystal. The EL that we observed is attributed to the
increase in the light extraction efficiency realized by the
lateral p—n homojunction.

Figure 2 shows that the visible EL spectra is enhanced at
photon energies between 2.0 eV and 3.3 eV, which are
around and below 7A®anea. The selective emission
enhancement around 7Z@,nnea; by the DPP-assisted anneal-
ing implies that the enhanced EL originates from the
coupling between an electron-hole pair and a phonon via
DPPs.

Figure 2 also shows that the Si-LED emitted light in the
entire visible wavelength region, including the three pri-
mary colors. The photograph of the Si-LED under a for-
ward bias of 15 V shown in Fig. 3a, captured by a CCD
camera, confirms that there are spots that generate each of
the three primary colors. We consider that the color of the
light generated at each spot on the lateral p—n homojunc-
tion in Fig. 3a is dependent on the local microscopic dis-
tribution of the p-type dopant B.

Figure 3b shows the time evolution of the EL intensity
of red (590-700 nm), green (490-590 nm), and blue (400-
490 nm). The intensities were normalized by the intensities
before the DPP-assisted annealing. We can see from this
figure that the annealing time required for the EL
enhancement was approximately 90 min for all colors. The
most enhanced color was green, corresponding to energies
below Fhwannea- In theory, the DPP-assisted annealing
should fundamentally lead to emission around Amygpeq [10,
13]. The difference in the photon energy at which the EL is
enhanced between the theory and the actual fabricated
visible Si-LED is attributed to a radiative recombination

2.5 A
A
A A
>
green G 2.0 [ ) °
g ° ®
= 15]
w
n
10{m " = =
0 30 60 90 120
Time [min.]

Fig. 3 Photograph and time evolution of the EL at three primary
colors. a Photograph of the Si-LED after the DPP-assisted annealing
under a forward bias of 15 V, captured by a CCD camera in the
visible range. b Time evolution of the EL intensities of the three
primary colors of light, red (590-700 nm), green (490-590 nm), and
blue (400-490 nm), during the DPP-assisted annealing. All the
intensities were normalized to the EL intensities before annealing
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process involving phonon emission, which decreases the
photon energy of the emitted light.

Here, we evaluate the improvement in light extraction
efficiency achieved by the lateral p—n homojunction, by
comparing the present device with our previously fabri-
cated Si-LED having a conventional LED structure with a
vertical p-n junction [13]. We consider that the light
emission process of these Si-LEDs is the same due to
following two reasons: (1) Both LEDs were fabricated
using bulk Si doped with the p-type dopant B and were
irradiated with laser light having the same photon energy of
3.05 eV during the DPP-assisted annealing. (2) In the EL
spectra of both LEDs, two emission peaks were observed at
around 2 eV and 3 eV. Based on (1) and (2), we define the
relative light extraction efficiency #, as ey /ey, that is to
say, the EL intensity of the Si-LED at 3 eV relative to that
at 2 eV. Since the absorption coefficient of Si at 3 eV is two
orders of magnitude larger than that at 2 eV [18], 5, takes a
large value in a device from which the generated light can
be efficiently extracted without absorption loss. The value
of #, for the Si-LED with the vertical p—n junction structure
[13] is calculated to be 0.14, whereas that of the present Si-
LED with the lateral p—n junction is 1.10. These values
mean that the lateral p-n homojunction is expected to
improve the light extraction efficiency in the blue band by
7.8 times.

Next, we discuss the physical process of the light
emission from the visible Si-LED. The emission process in
the infrared band using DPPs [10, 12] has been attributed to
the coupling between electron—hole pairs and phonons.
Although visible emission from the Si-LED is also con-
sidered to originate from phonon coupling [13], clear evi-
dence confirming the emission process has not yet been
presented. Through the evaluation and discussion given
below, we show that the emission from the visible Si-LED
originates from phonon-assisted radiative recombination
carriers with a higher energy than that of the bottom of the
conduction band.

Figure 4a shows the EL spectra of the Si-LED under
various forward biases. Under high voltages, EL. emission
in a high-energy band around 3.0 eV becomes dominant.
Consequently, the Commission Internationale de 1’Eclai-
rage (CIE) chromaticity coordinate largely shifts toward
the blue with increasing applied bias, from (x,y) =
(0.343,0.359) at a forward bias of 8 V (an injection current
of 30 mA) to (0.286, 0.288) at 24 V (518 mA), as shown in
Fig. 4b. Such a large shift of the chromaticity is generally
not observed in conventional LEDs fabricated using com-
pound semiconductors with a direct band-gap structure.

Figure 4c shows the current versus emission intensity
characteristic. The emission intensity of the Si-LED was
derived by integrating the EL spectrum in the visible range
shown in Fig. 4a. In contrast to LEDs fabricated using
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Fig. 4 The dependences of the EL of the Si-LED on the applied
forward bias. a The EL spectra of the visible Si-LED under forward
biases and currents of 8 V (30 mA), 12 V (70 mA), 16 V (252 mA), 20
V (396 mA), and 24 V (518 mA). b The dependence of the
Commission Internationale de I’Eclairage (CIE) chromaticity coordi-
nate of the Si-LED on the forward bias. The colors at each bias
condition correspond to those of the EL spectra in (a). ¢ The current
versus emission intensity characteristic and d the voltage versus
emission intensity characteristic of the Si-LED

compound semiconductors that exhibit linear power versus
current characteristics, the characteristic of the visible Si-
LED is nonlinear. This nonlinearity shows that the emis-
sion from the visible Si-LED is derived from hot electrons
with much higher energy than the bottom of the conduction
band, as described below.

Figure 4d shows the voltage versus emission intensity
characteristic. Since it is fitted to a straight line in a semilog
plot, the optical power of the Si-LED exponentially
increases with the forward bias. We note that the photon
energy of the EL emission from the Si-LED shown in
Fig. 4a is much higher than E, of Si (= 1.12 eV). Therefore,
the EL intensity is proportional to the density of carriers
with a higher energy than that of the bottom of the con-
duction band. In general, the density of electrons with a
high energy E depends on the applied forward bias V as

n(E) e:B_V", where ¢, kg, and T are the electronic charge,
Boltzmann’s constant, and temperature, respectively.
Therefore, an exponential power versus voltage charac-
teristic is confirmed by taking account of the fact that the
EL of the Si-LED is derived from carriers with high
energy, because the density of high-energy carriers is
proportional to the exponential of the forward bias. Fur-
thermore, the change of the CIE chromaticity coordinate is
accounted for by the scenario that the large bias increases
the ratio of high-energy carriers. Consequently, the lumi-
nescence in the high-energy band becomes dominant, and
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the chromaticity shifts to the blue, which is consistent with
the EL spectra shown in Fig. 4a.

Figure 4a shows another feature of the visible Si-LED,
namely, an emission peak at 2.7 eV, represented by the
vertical blue dashed line. Since the EL spectrum before the
DPP-assisted annealing, shown by the black curve in
Fig. 2, has two peaks at 1.9 and 3.0 eV originating from the
electronic structure of Si, the peak at 2.7 eV is expected to
be involved in an optical process via DPPs as a result of the
DPP-assisted annealing. When an electron-hole pair
recombines by interacting with a phonon, the wavevector
of the phonon has to be the same as that of the electron due
to the wavenumber conservation law. The density of states
(DOS) of phonon modes in Si has a peak at approximately
60 meV, as shown in the right part of Fig. 5a, corre-
sponding to the wavevector between I" and K points, as
indicated by the blue dashed line (since the other peak of
the DOS at 65 meV corresponds to the I' point with a
wavenumber of zero, its contribution to the light emission
process in the Si-LED is regarded as being negligible). The
red and blue dashed lines shown in Fig. 5a, b indicate that
the electron in Si with the same wavevector as that of the
phonon with a high DOS has an energy of approximately
2.7 eV. Due to the agreement between the energy of the
emission peak observed in the EL spectrum shown in
Fig. 4a and the energy of an electron with the wavevector
corresponding to the high DOS of the phonon, we conclude
that the emission from the visible Si-LED originates from
the coupling between an electron—hole pair and a phonon.

Based on the forward bias dependence of the spectrum
shown in Fig. 4 and the emission peak at 2.7 eV originating
from the coupling between the electron-hole pair and the
phonon, the light emission from the visible Si-LED origi-
nates from phonon-assisted recombination of a hot electron
and a hole via DPPs, as illustrated in Fig. Sc. This
description obtained based on the present experimental
results is consistent with the results observed in infrared Si-
LEDs using DPPs [10, 12].

5 Summary

We developed a visible Si-LED with a lateral p—n homo-
junction using the DPP-assisted annealing method. The
lateral p—n homojunction, adopted to increase the light
extraction efficiency, was formed by laser doping. The
resultant light extraction efficiency of the Si-LED in the
blue band was estimated to be 7.8 times higher than that of
a conventional LED structure with a vertical p—n homo-
junction. Furthermore, we observed two novel features in
the EL spectrum: an exponential increase of EL intensity
with the applied forward bias, and a characteristic emission
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Fig. 5 The contribution of the (a)
coupling between the electron—
hole pair and the phonon via > 60 A_/v - -
DPPs. a The dispersion relation g —~—— ;
and the density of states (DOS) = 40 (C)
of phonons in Si, based on Ref. S : 4 1 T
[19]. b The electronic structure o : electron
of Si, based on Ref. [20]. S 20 — blue \
¢ Schematic illustration of the 0 = %
emission process in the visible " > L green
Si-LED L X Ke TDos =20 red
' : =>
G
DPP ¥ & Emission
2.7eV 0
Ahole
A\
L r X

peak at 2.7 eV. From a consideration of these features, we
concluded that the light emission from the visible Si-LED
originates from phonon-assisted radiative recombination of
carriers with a higher energy than that of the bottom of the
conduction band, via DPPs.
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Abstract Using the two-level two-state model, we ana-
lyzed the characteristics of enhanced electroluminescence
intensity from a GaP LED fabricated by dressed-photon—
phonon-assisted annealing. In this model, we utilized the
fact that the adiabatic potential barrier of the electronic
excited level in configuration space is lower than that of the
ground level. It was confirmed by experiments that, in an
actual excited level, the barrier was reduced to 0.48 eV.
From this finding, it was shown that the spatial distribution
of Zn atoms can be changed by means of current injection
and light irradiation even at room temperature. In addition,
we showed that a structure that is suitable for light emis-
sion via DPPs is formed by means of a transition between a
low-barrier excited level and a high-barrier ground level,
due to stimulated emission. Also, regarding the optimized
conditions for maximizing the effect of DPP-assisted
annealing, it was found that the optimum ratio of the
number of injected electrons to the number of irradiated
photons is close to 1, and this was confirmed
experimentally.
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1 Introduction

The light emission color of a light-emitting diode (LED)
using a direct-transition-type semiconductor depends on
the bandgap energy, E,, of that semiconductor. In addition,
by adjusting the molar ratios in mixed crystal materials, it
is possible to change the value of E,. These features,
together with development of recent crystal growth tech-
niques, have resulted in the development of LED tech-
nology using InGaN or AlGalnP. However, in the case of
InGaN, when the molar ratio of In increases, the crys-
tallinity deteriorates [1, 2]. With AlGalnP, on the other
hand, when the molar ratio of In decreases, the material
becomes an indirect-transition-type semiconductor, and
light emission becomes impossible [3, 4]. Because of these
problems, it has not been possible to obtain materials that
efficiently emit light in the vicinity of a wavelength of
550 nm (photon energy 2.25 eV). On the other hand, the
II-VI family of semiconductors that include Cd have a high
environmental load [5].

To solve the above problems, a method using GaP
(Ey = 2.26 V) has been proposed [6]. However, GaP is an
indirect-transition-type semiconductor, and the bottom of
the conduction band and the top of the valence band are at
different positions in reciprocal lattice space; therefore, the
law of conservation of momentum must be satisfied in
order for electron—hole pairs to radiatively recombine. In
other words, an electron—phonon interaction is required,
but the probability of such an interaction is low. To satisfy
the law of conservation of momentum, a method in which
isoelectronic impurities, such as N atoms, are introduced
into GaP has been used for a long time [7]. In this method,
the wave function in reciprocal lattice space is made wider
by localizing electrons. However, since light emission
occurs via localized levels in the forbidden band, part of
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the energy is lost, and therefore, it is not possible to suf-
ficiently use the large E, possessed by GaP.

However, when dressed-photon—phonon-assisted
annealing (DPP-assisted annealing), a novel technique that
we have proposed, is applied to a GaP crystal, it is possible
to fabricate an LED which overcomes the problems
described above [6]. A dressed photon (DP) is a quasi-
particle representing the coupled state of a photon and an
electron—hole pair in a nano-size region [8]. A dressed-
photon—phonon (DPP) is a quasiparticle representing the
coupled state of a DP and multimode coherent phonons [8,
9]. Therefore, the law of conservation of momentum is
satisfied by the interaction of an electron and multimode
coherent phonons, and even an indirect-transition-type
semiconductor can be used to fabricate an LED.

Using this method, we have successfully developed
LEDs using Si and SiC, which are indirect-transition-type
semiconductors [10, 11]. We were also able to consider-
ably enhance the light emission in the band of 2.2 eV and
above, even in the case of GaP [6]. In the work described in
this paper, we used the two-level two-state (TLTS) model
[12, 13] to analyze how the spatial distribution of dopant
atoms changes when fabricating an LED by subjecting GaP
to DPP-assisted annealing. We also present optimum con-
ditions for the DPP-assisted annealing and report the results
of experiments conducted to confirm the optimum
conditions.

2 DPP-assisted annealing and principle of device
fabrication

Light emission via DPPs occurs due to the property that
DPs strongly couple with local-mode phonons [8, 9].
According to previous research, when two or more dopant
atoms that are lighter than the atoms forming the host
crystal are close to each other, strongly localized phonons
exist at that location [9]. When two adjacent dopant atoms
are aligned in the I'-X direction, phonons are localized at
that location, and a DP couples with those phonons,
forming a DPP. This DPP has a momentum necessary for
electrons at the bottom of the conduction band (X point) in
GaP to recombine with holes at the top of the valence band
(I' point). Therefore, when an electron in the conduction
band interacts with the DPP, the law of conservation of
momentum is satisfied, and light emission becomes possi-
ble, even in an indirect-transition-type semiconductor.
Phonons are localized even when three or more dopant
atoms are adjacent to each other; in practice, however, the
concentration (10'7-10'%/cm?) of the p-type dopant atoms
(Zn atoms) that we injected was not high enough for three
or more atoms to be adjacent to each other. Therefore, in

@ Springer

46

the rest of this paper, we consider the case where two Zn
atoms are adjacent to each other.

The principles of light emission via DPPs will be
described using Fig. 1. Figure la is an energy band dia-
gram of GaP in the case where there are no DPPs. Since
electron—hole recombination is forbidden, excited electrons
have a long lifetime. Therefore, the electrons relax while
interacting with multiple phonons over a long period of
time, generating heat.

If the spatial distribution of Zn atoms is suitable for
locally generating DPPs, the energy band diagram is as
shown by the expanded view in Fig. 1b. In this case, since
momentum is supplied to the electrons from multimode
coherent phonons, the dispersion relation of the DPPs is
represented by multiple straight lines parallel to the hori-
zontal axis. In the figure, el in the ket vectors represents an
electron, g represents the ground state, and ex and ex’
represent excited states. When an electron is injected from
outside, an initial state |E.x;el > QIEgerman;phonon > is
formed [10, 11]. Then, via intermediate states

(a)

Energy [eV]

A r X
Wavevector
(b) |E,;el)®|E,; phonon)
‘\‘ |E, el > ®,| E o PhORON)
V4 /
% < :
& @
&
g . Light Emission
= .
_——‘ E; el> ® ’ E 2 phom}n>
|
]
40"?~| E\,:el> ®| E, o’ [)/10/10/1>
—
A r X
Wavevector

Fig. 1 Light emission via a DPP-assisted process. a Relaxation of
electron in an indirect-transition-type semiconductor. b Light emis-
sion process via DPP levels
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|Eey;el > ®IEe-;phonon> and  |Egel > ®IE. ;phonon>
coupled with the phonon excited state, the electron finally
transitions to the ground state |Eg;el > ®I|Epermai;phonon>
[9-11]. This process is an electric-dipole-allowed transi-
tion, and therefore, propagating light is generated.

Next, the reason why an indirect-transition-type semi-
conductor emits light via DPP-assisted annealing will be
described.

With the conventional doping method, position control
of the individual Zn atoms is difficult. To achieve such
control, we cause the positions of the Zn atoms to change
in a self-organized manner using DPP-assisted annealing
[8, 10]. In other words, a forward current is injected into
the GaP substrate, in which a p—n homojunction is formed
by ion implantation, to perform annealing, and the spatial
distribution of the Zn atoms is changed by using the gen-
erated thermal energy. During this annealing, the substrate
is irradiated with light. Here, atomic coupling is mediated
by the outermost shell electrons. Since electrons are
injected into the excited level during DPP-assisted
annealing, interatomic coupling is different from the case
where electrons are in the ground level. Therefore, the
barrier height for a state transition also changes [12, 13].
That is the reason why we should consider a model with
two levels shown in Fig. 2. This model is widely used for
treating the energy of systems below the adiabatic
approximation, such as for explaining the spectral hole-
burning phenomenon [12]. Here, state B means a local
structure suitable for generating DPPs; in other words,
adjacent Zn pair is aligned in I'=X direction so that enables
light emission via DPP levels inside the GaP [16]. State A
represents other structures, in other words, local structures
that are not suitable for generating DPPs. When the elec-
tron is in an excited level, the barrier height for a transition

Excited
> Level
o
O
b=

m
Ground
Level

>
>

Configuration Coordinate

Fig. 2 Potential curves in two-level two-state model
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is lowered (changes in this barrier height will be discussed
quantitatively in Sect. 4).

In the following, we explain two different cases,
according to the spatial distribution of the Zn atoms.

1. (state A) Regions where the spatial distribution of Zn
atoms is not suitable for generating DPPs: The injected
electrons generate heat inside the crystal due to
scattering processes. In addition, electrons excited by
absorbing the irradiated light also generate heat inside
the crystal. In other words, in the excited level, since
the barrier height V., in Fig. 2 is low, and since heat is
also generated locally, the spatial distribution of
dopants is easily changed.

(state B) Regions where the spatial distribution of Zn
atoms is suitable for generating DPPs: As explained in
Fig. 1b, since electron-hole pairs can radiatively
recombine, stimulated emission is brought about by
external light, and the electrons return to the ground
level in Fig. 2. In this level, therefore, the barrier
height V, is high. Also, heat generation is suppressed.
Therefore, it is difficult for the Zn atoms to widely
diffuse, and thus their spatial distribution cannot be
easily changed.

When DPP-assisted annealing is performed, due to the
different diffusion rates in regions (1) and (2), the spatial
distribution of Zn atoms changes to a spatial distribution
that is suitable for stimulated emission via the DPPs. In
addition, since the probability of stimulated emission is
highly proportional to the probability of spontaneous
emission [14], an LED can be realized by using DPP-as-
sisted annealing.

3 Fabrication process

First, an n-type (S concentration, 2 X 10" to 4 x 10"/
cm®) GaP single-crystal substrate with a surface orientation
of (111) was injected with Zn atoms, serving as a p-type
dopant, using ion injection to form a p—n homojunction.
The peak concentration of the injected Zn atoms was
1 x 10"/cm®. Then, electrodes were deposited on both
surfaces of the substrate by sputtering. An Au/Zn/Ni film
with a thickness of 150 nm was deposited on the front
surface of the device, that is, the p-type side, and an Au/Ge/
Ni film with a thickness of 300 nm was deposited on the
rear surface of the device, that is, the n-type side. In par-
ticular, the electrodes on the p-type side were patterned
into a mesh shape by a lift-off process. This was to allow
irradiation light and EL light to be transmitted during DPP-
assisted annealing and during driving, respectively. Then,
the substrate was diced into a 550 pm x 550 pm chip,
which was fixed to a PCB by soldering the negative

@ Springer



1398 J. H. Kim et al.

4 3

3 e
- —_ ey
.: 2 1 -2' 2 7 _,«‘O’ ‘___.
£ g’ 6,.—'0 N Lo
St » - -
E 1 5 o e ®
Q E _“g—__.‘—_-.

0 - 1 .’-’-’g"'

=
-1 . T T
-20 -10 0 10 20
Voltage [V] 0 . . . .
0 1 2 3 4 5

Fig. 3 -V characteristic and images (inset) of fabricated GaP diodes.
SEM image (inset, right) shows mesh-shaped electrode on surface

electrode. Finally, the positive electrode was connected to
the PCB by wire bonding. An image of the completed
device and its /-V characteristic are shown in Fig. 3. From
this figure, it can be seen that the device has a good rec-
tification characteristic.

Next, we performed DPP-assisted annealing. A forward
current (power supply: Keithly, K-2400) was applied to the
fabricated device while irradiating it with CW light with a
wavelength of 532 nm (2.33 eV) from a DPSS laser,
causing the spatial distribution of Zn atoms to change. The
substrate temperature was kept constant using a Peltier
device. The EL emission spectrum was measured using a
grating spectrometer and a cooled Si-CCD (Roper Scien-
tific Inc.).

4 Results and discussion

4.1 Changing the barrier height by applying
an external field

First, we derive the height of the barrier that the Zn atoms
must get over in order to make a transition, in the presence
of two external fields (DC electric field and irradiated
light). The net transition rate from state A to state B in the
excited level in Fig. 2 is given by [13]

Vex
kT

Here, V., is the height of the potential barrier in the excited
level, k is Boltzmann’s constant, and T is temperature. The
DC bias voltage used in the experiments was 22 V, and the
irradiation light power was 0.2 W (beam diameter,
0.55 mm). During the measurements, a constant current of
25 mA was injected. Figure 4 shows the measured rela-
tionship between the EL intensity and the DPP-assisted

VTOC@XP(— (1)

@ Springer

48

DPP-assisted annealing time [hrs]

Fig. 4 EL intensity versus DPP-assisted annealing time for different
system temperatures

annealing time. The white circles and black circles are the
results obtained when the devices were maintained at
temperatures of 320 and 310 K, respectively. The broken
lines are straight lines obtained by fitting to the measured
value. From this figure, we can see that the EL intensity
increased as the DPP-assisted annealing time increased and
that the rate of increase differed depending on the tem-
perature. The rate of increase is proportional to )t in
Eq. (1), and therefore, from Eq. (1), the barrier height in
the excited level is expressed by
1, Iy

Vex = k———10
¢ T[—T2 g])Tz

(2)

By substituting 77 = 320 K and 7, = 310 K, and by
substituting the ratio of the gradients of the two straight
lines in Fig. 4 for y; /77, we obtain the value
Vex = 0.48 eV.

In the absence of an external field, according to previous
research, the height of the barrier that electrons in the Zn
atoms must get over to make a transition inside the GaP
crystal is 0.61 eV, and the required barrier height obtained
when Ga sites are substituted via the kick-out mechanism is
1.64 eV [15]. By comparing these values, we were able to
reduce the barrier height to 0.48 eV by using an external
field. From this finding, we conclude that the local dopants
distribution can be changed by means of DPP-assisted
annealing even at room temperature.

4.2 Optimization of DPP-assisted annealing

In a previous study, it was shown that the rate of increase in
EL with an energy above E, is considerably increased by
using DPP-assisted annealing [6]. When annealing is per-
formed with only an injection current, without light
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irradiation, as explained in Sect. 4.1, the barrier height is
reduced by the DC electric field and the Zn atoms can
easily diffuse. However, this diffusion is random and is
equivalent to thermal diffusion. In contrast, diffusion can
be controlled by the irradiation light.

In this subsection, we demonstrate that the spatial dis-
tribution of the Zn atoms is controlled by de-excitation and
relative cooling due to stimulated emission. First, using the
TLTS model, we explain the existence of an optimal ratio
of the injection current to the irradiation light power during
DPP-assisted annealing. Then, we described experiments
performed while varying the current and irradiation light
power, to confirm the validity of our hypothesis.

First, it is assumed that the p—n homojunction section is
at all of the state B in Fig. 2, in other words, at local
structures that are suitable for generating DPPs, and let us
consider the state transition that can occur via photons and
externally injected electrons.

(a) (Red arrow in Fig. 2) Since an electron is injected,
the system is in the excited level at state B. This
electron emits a photon via spontaneous emission or
stimulated emission and transitions to the ground
level at state B.

(Blue arrow in Fig. 2) Similarly to case (a), the
system is in the excited level. If a photon is not
emitted, the lifetime of the excited electron is
extended, and the probability of a transition to state
A increases. After the state transition to state A, the
electron transitions to the ground level at state A via
nonradiative relaxation.

(Green arrow in Fig. 2) The ground level rises to the
excited level by absorbing a photon. Considering a
case similar to (b), the system subsequently transi-
tions to state A and returns to the ground level at
state A via nonradiative relaxation.

Other. In all other processes, the system transitions
from the ground level at state B to the excited level
by absorbing a photon and then transitions to the
ground level at state B.

(b)

(c)

(d)

Of these four cases, in (a) and (d), the initial state and
final state are at state B, and the local structure of the
spatial distribution of Zn atoms is maintained; however, in
(b) and (c), since the final state is at state A, the local
structure changes. Therefore, to maintain a local structure
that is suitable for light emission via DPPs, the probabili-
ties of (b) and (c) occurring must be reduced. Noting that,
in stimulated emission, a single photon induces stimulated
emission of a photon from a single electron, the probability
of stimulated emission will be maximum if the injected
electrons are irradiated with the same number of photons.
In other words, the probability in case (a) will be maximum
when the ratio of the number of electrons to the number of
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photons is 1. If the number of electrons is increased, and
the number of excess electrons that do not contribute to the
stimulated emission process increases, the proportion of
case (b) must increase. Conversely, if the number of excess
photons that do not contribute to the stimulated emission
process increases, the proportion of case (c) must increase.
In other words, to keep the local structure that is suitable
for light emission, the ratio of the number of electrons to
the number of photons must be 1.

Next, the above discussion will be applied to DPP-as-
sisted annealing. Before annealing, states A and states B in
Fig. 2 both exist. First, since a photon is not emitted at state
A, the system in the excited level can only undergo non-
radiative relaxation at state A, or transition to state B. In
other words, the EL intensity monotonically increases. In
the case of nonradiative relaxation, localized heat genera-
tion occurs, and therefore, the transition rate becomes
higher, according to Eq. (1). At state B on the other hand,
the above discussion can be applied. As shown in Fig. 4,
since DPP-assisted annealing is a process that is performed
for a long time, it is important to allow transitions from
state A to state B in Fig. 2; however, it is also important to
keep a local structure at which the system have already
transited to state B.

In summary, it is expected that the EL enhancement
effect will be most conspicuous when the ratio of the
number of electrons to the number of photons is 1. The
value of this ratio is determined by the ratio of the injection
current to the irradiation light power, and this was con-
firmed experimentally. Figure 5a, b shows the results
obtained when the irradiation light power during DPP-as-
sisted annealing was 180 and 260 mW, respectively. In
both graphs, curves (i) and (ii) represent the results
obtained with injection currents of 20 and 30 maA,
respectively. The bandgap energy of GaP (E, = 2.26 eV)
and the photon energy of the laser light used in annealing
(Eanneas = 2.33 eV) are shown by broken lines. Here,
R(E) means the rate of increase in EL intensity at photon
energy E. In Fig. 5a, the values of R(E > E,) were higher
for the injection current of 20 mA than for the injection
current of 30 mA. On the other hand, in Fig. 5b, the values
of R(E > E,) were higher for the injection current of
30 mA than for the injection current of 20 mA.

Figure 6 shows measurement results of R (E.nea =
2.33 eV) for various values of injection current and irra-
diation light power, including also the cases shown in
Fig. 5. In this figure, the x-axis is the ratio of the number of
photons to the number of electrons, calculated by substi-
tuting the irradiation light power and the injection current
for the number of photons and the number of electrons,
respectively. As is seen from this figure, R is large around a
photon-to-electron ratio of 1.3. This value is in good
agreement with the ratio obtained from the above
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Fig. 5 Change in the rate of increase in EL intensity for different DPP-assisted annealing conditions: (i) current of 20 mA, and (ii) current of
30 mA. a Results obtained with laser power of 180 mW. b Results obtained with laser power of 260 mW
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Fig. 6 Rate of increase in EL intensity at photon energy of 2.33 eV,
according to current and laser power conditions during DPP-assisted
annealing. Ratio on x-axis was calculated by substituting the
irradiation light power and the injection current for the number of
photons and number of electrons, respectively

discussion, namely 1. The deviation comes from the
nonuniform distributions of laser beam and current. The
laser we used emits beams that approximate a Gaussian
profile on the focal plane, and the current distribution also
deviates from a uniform distribution because of the shape
of the surface electrode. We have shown that there is an
optimum ratio of the injection current to the irradiation
light power, which was estimated using the TLTS model in
Fig. 2. In addition, when the ratio of the number of injected
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electrons to the number of irradiated photons is substituted
for this ratio, it was found that the ratio is close to 1.

5 Conclusion

Using a TLTS model, we analyzed the characteristics of an
enhancement in EL intensity from a GaP LED due to DPP-
assisted annealing. The central idea is that the potential
barrier is reduced in the presence of an external field (DC
electric field and light irradiation). We confirmed experi-
mentally that, in the excited level, the barrier height was
reduced to 0.48 eV. From this finding, we showed that the
spatial distribution of Zn atoms can be changed by current
injection and light irradiation even at room temperature.

Simply reducing the barrier height does not increase the
EL intensity because this merely brings about random
diffusion of the Zn atoms. In this research, we showed that
a structure that is suitable for light emission via DPPs is
formed by means of a transition between a low-barrier
excited level and a high-barrier ground level due to stim-
ulated emission and that this structure is maintained. In
addition, we found that optimum condition for maximizing
the effect of DPP-assisted annealing could be achieved
when the ratio of the number of injected electrons to the
number of irradiated photons was close to 1, and we con-
firmed this experimentally.
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Abstract Dressed-photon—phonon (DPP) etching is a
non-contact flattening technology that realizes ultra-flat
surfaces and has been reported to achieve an arithmetic
mean surface roughness, R,, on the order of 0.1 nm in
various materials, such as fused silica, plastic films, and
GaN crystal. In this study, we successfully flattened the
surface of a crystallized glass substrate in several seconds
using laser light with a higher power density than that used
in previous studies. The target substrate had an initial
appearance similar to frosted glass, with an R, of 92.5 nm.
We performed DPP etching under a Cl, atmosphere using a
CW laser with a wavelength of 532 nm, a power of 8 W,
and a spot diameter of 0.2 mm. After 1 s of processing, we
obtained a flat surface with an R, of 5.00 nm. This surface
roughness equaled or surpassed that of a substrate flattened
by conventional chemical mechanical polishing, with an R,
of 5.77 nm. Through the detailed analysis of atomic force
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microscopic images, we found the DPP etching resulted in
the smaller standard deviation of the height difference than
CMP in the smaller lateral size than 50 nm.

1 Introduction

Surface flattening is a basic, important issue in many
industries. Ultra-flat surfaces are essential, especially for
optical elements such as mirrors and optical crystals, as
well as high-density storage media such as hard disk drives
(HDDs) and semiconductor crystal wafers for electronics.
The major flattening technology employed for recent
industrial products is chemical mechanical polishing
(CMP), which produces surfaces with an arithmetic mean
surface roughness, R,, on the order of 1 nm [1]. However,
the final flatness achievable using CMP is limited because
the target object makes contact with the polishing pad and
slurries. On the other hand, there are non-contact flattening
technologies that do not use any pads or abrasives. For
example, electropolishing of metal surfaces [2, 3] and ion
beam etching of diamond [4, 5] have been reported.
However, these technologies have some problems, such as
the limited number of applicable materials and the diffi-
culty of realizing ultra-flat surfaces with a flatness on the
order of 0.1 nm in terms of R,.

To overcome these problems, a non-contact ultra-flat-
tening technology called dressed-photon—phonon (DPP)
etching has been developed [6, 7]. When the target is
irradiated with light, dressed photons are generated around
nanometric protrusions on the surface. The dressed photons
couple with coherent phonons, forming a DPP, which
allows certain photochemical reactions by complementing
the photon energy [8]. In fact, energy up-conversion is
realized via the generation of DPPs. Thus, in the case of a
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target sample placed in a reactive gas atmosphere and
irradiated with light having a lower photon energy than that
of the absorption peak of the gas molecule, the gas is
dissociated by the DPPs due to energy up-conversion. The
dissociated gas radicals have high reactivity and etch the
target surface at areas where the DPPs are generated; in
other words, the nanometric protrusions are selectively
etched. As a result, the surface is flattened by removing the
protrusions, and eventually the generation of DPPs and the
associated etching process autonomously stop.

Using DPP etching, ultra-flat surfaces with R, values on
the order of 0.1 nm have been obtained in various mate-
rials, such as fused silica [6], GaN wafers [7], and diamond
[9]. Furthermore, the flattening of side walls in three-di-
mensional structures by exploiting the advantages of this
non-contact process has also been reported [10].

In previous reports on DPP etching, targets with an
initial R,, in the range of 0.2-20 nm, and uniform com-
positions were used, and the DPP etching process time was
from 1 min to several hours. In this report, to expand the
range of applications of DPP etching, we tried to flatten a
crystallized glass substrate with a rougher surface and a
nonuniform composition. Using a laser with a high power
density, the substrate was successfully flattened in several
seconds.

2 Experiment

We employed crystallized glass substrates used in com-
mercial 2.5” HDDs as targets in the DPP etching exper-
iment. The substrate consisted of mainly 60-70 %
amorphous SiO, as the host material, 10-20 % Al,O3
microcrystals, and 0-5 % TiO, microcrystals. Figure 1
shows a photograph of the initial state of the substrate,
which we named Sample A. Sample A had an appearance
like frosted glass, due to having been lapped using dia-
mond abrasives. We measured the surface morphology
using an atomic force microscope (AFM, L-Trace II, a
product of HITACHI High Technologies), as shown in
Fig. 1b. The measurement area was 5 um x 5 um, with a
resolution of 256 x 256 pixels. We found convex struc-
tures with a width of about 1 um and a height of about
500 nm in the whole measurement area. From this AFM
image, we calculated the arithmetic mean surface rough-
ness, R,, to be 92.5 nm. For comparison, we also prepared
a sample using the same crystallized glass substrate but
polished by CMP instead of diamond abrasives (Sample
B). Sample B appeared transparent and specular, as
shown in Fig. 1c. The AFM image of Sample B shown in
Fig. 1d was taken with the same conditions as those of
Sample A. There were many low grains with a width of
100-500 nm and height of about 20 nm over the entire
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measured area. The R, value of Sample B was calculated
to be 5.77 nm.

We performed DPP etching on the lapped substrates
with the following conditions and settings using the setup
shown in Fig. 2. The samples were placed in a vacuum
chamber with an optical window. The chamber was filled
with Cl, gas at a pressure of 200 Pa. We employed a
second harmonic of a continuous wave Nd:YAG laser with
a wavelength of 532 nm and a power of 8 W (Shanghai
Dream Laser, Co., SDL532-15000T). The laser light was
introduced into the chamber through the optical window
via a 5° tilted prism and was focused with a lens having a
focal length of f = 100 mm. The beam spot on the sample
had a diameter of 0.2 mm and was movable by using the
tilted prism mounted on an electrically rotatable holder.
The optical power density was calculated to be
2.5 x 10* W/ecm?, which was 10°-10* times higher than
that in previous studies on DPP etching [6, 7]. We con-
trolled the irradiation time of the laser by controlling the
rotation speed of the prism holder. The samples were
named Samples C and D, whose irradiation times were 1
and 5 s, respectively. Samples C and D were prepared with
the same lapping process as Sample A, and the initial
surface profiles of Samples C and D were similar to that of
Sample A.

Figure 3a shows a photomicrograph of the area around
the laser spot after DPP etching for 5 s. The left side in
Fig. 3a was outside the laser spot, and the right side was
the irradiated region. The irradiated region appeared
brighter than the non-irradiated region because the light
was scattered by the convex structures in the non-irradiated
region. AFM images of Samples C and D are shown in
Fig. 3b, c, respectively. The measurement conditions and
vertical scales of Fig. 3b, c are the same as those in Fig. 1d.
To compare the typical surface structures, we took cross-
sectional profiles of the AFM images of Samples A-D
between the white arrows in Fig. 1b, d, and Fig. 3b, c, as
shown by the black, green, red, and blue solid lines in
Fig. 3d, respectively. The height of the convex structures
with a width of about 1 um was reduced from about
500 nm in Sample A to about 20 nm in Sample C. Addi-
tionally, the convex structures were almost removed in
Sample D. However, we found a few protrusions with
widths of 50-200 nm and heights of <100 nm in Samples
C and D.

3 Discussion

Table 1 represents the R, and the maximum peak-to-valley
vertical intervals, P-V, of the AFM images of Samples A
(lapped), B (CMP), C (1 s DPP etching), and D (5 s DPP
etching). The R, value was reduced by DPP etching from
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Fig. 1 a, ¢ Photographic
images of crystallized glass
substrates: a lapped with
diamond abrasives (Sample A)
and c polished by CMP (Sample
B). b, d AFM images of 1 ; 25
Samples A (b) and B (d), ¢ =
respectively. White arrows [

indicate positions of cross frun * 5K
sections shown in Fig. 3d

A =532 nm
CW Laser

Fig. 2 Schematic diagram of experimental setup for DPP etching

92.5 nm in Sample A to 5.00 nm in Sample C and to
5.20 nm in Sample D, either equaling or surpassing the R,
value of 5.77 nm in Sample B. On the other hand, the P—
V values were reduced by DPP etching from 966 nm in
Sample A to 112 nm (Sample C: 1 s DPP etching) and
198 nm (Sample D: 5 s DPP etching), which are higher
than the value of 83.6 nm in Sample B. Although the DPP
etching resulted in the smaller R, value than CMP, larger
P-V values of after DPP etching than CMP are owing to
the remaining protrusions in Samples C and D. From these
results, utilizing a laser with high power density, we suc-
cessfully flattened crystallized glass substrates by DPP
etching in 1-5 s, from the initial lapped surface to a flat-
ness equal to or better than that achieved by CMP.
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As described above, the surface of Sample A consisted
of convex structures with a width of about 1 um and a
height of about 500 nm. These structures were too large to
generate dressed photons, which we speculate is the reason
why those convex structures could not be removed by DPP.
We considered that the mechanism by which the surfaces
were flattened involved a combination of DPP etching and
thermal effects associated with photochemical reactions
due to the use of a laser with a high power density.

We performed simple calculations to estimate the
amount of heating by using the physical properties of
general glass material (thermal conductivity 1.5 W/mK,
density 2.5 g/cm?, specific heat 1.2 J/gK, glass-transition
temperature about 500 °C, and melting point about
1500 °C) and the dimensions of the sample substrates
(thickness 0.635 mm, outer diameter 63.5 mm, and inner
diameter 20 mm). First, we measured the absorbance, A,
from the difference of the transmittances of a fused silica
substrate prepared with CMP and Sample B as A = 0.10.
The heating rate due to internal absorption in the crystal-
lized glass substrates was calculated to be 0.73 W. Next,
considering heat transfer from the laser beam spot to the
entire substrate, the amount of heat transferred when the
temperature difference between the areas inside and out-
side the beam spot was 390 °C was calculated to be
0.73 W; in other words, the heating by laser irradiation
stops. Then, we estimated the average increase in temper-
ature from the volume of the substrate, the density, and the

@ Springer
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Fig. 3 a Photomicrographic
image of Sample D. Right and
left sides are region irradiated
with laser light for 5 s and non-
irradiated region, respectively.
b, ¢ AFM images of Samples C
(b) and D (c), respectively.

d Cross-sectional profiles of
AFM images taken along white
arrows in Fig. 1b, d, and

Fig. 3b, c. Black, green, red,
and blue solid lines are for
Samples A, B, C, and D,
respectively

a

Table 1 Arithmetic mean surface roughness, R,, and the maximum
peak-to-valley vertical interval, P-V, calculated from the AFM ima-
ges of Samples A, B, C, and D

R, (nm) P-V (nm)
A: Lapped 92.5 966
B: CMP 5.71 86.5
C: 1 s DPP etching 5.00 112
D: 5 s DPP etching 5.20 198

specific heat to be 7.2 °C per minute. Since the total laser
irradiation time in the experiment was less than 1 min, the
temperature at the beam spot did not exceed the glass-
transition temperature or melting point. Thus, it seems that
the flattening of Sample A was not attributed to heating due
to laser irradiation only, but was the result of a combination
of DPP etching and thermal effects associated with pho-
tochemical reactions.

In order to confirm the contribution of DPP etching, we
calculated the standard deviation of the height difference
R(l), which indicates the height and frequency of a struc-
ture with a lateral size of /, from the AFM images using the
method given in Ref. [7]. The black, green, red, and blue
solid lines in Fig. 4 represent R({)s, R(I)g, R(I)c, and R(I)p
calculated from AFM images of Samples A, B, C, and D,
respectively. R(I)g, R(I)c, and R(I)p had varying magnitude
relations depending on [/, which reflects the trend of each

@ Springer
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Sample D :
5s DPP etching
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D:5s

B:CMP
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100
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Fig. 4 Standard deviation of the height difference, R(/), calculated
from the AFM images. Black, green, red, and blue solid lines are
those obtained from Samples A, B, C, and D, respectively

sample, and R([)A took higher values than the others in the
entire range of [, similarly to R, and P-V. In the case of
!l ~ 1000 nm, the magnitude relation was R()c >
R(l)p > R()g. The larger value of R(l)c (1 s DPP etching)
than R())p (5 s DPP etching) originates in the convex
structures with a width of about 1 pum and a height of about
20 nm which existed in Sample C and was removed in
Sample D. In the case of / ~ 100 nm, the magnitude
relation was R(/)p > R()c > R(l)g, in which larger values
of R(/)p and R(I)c (DPP etching) than R(l)g (CMP) repre-
sent the protrusions with widths of 50-200 nm in Samples
C and D. On the other hand, in the case of [ < 50 nm, the
magnitude relation was R(l)g > R(l)p > R()c. This trend
agrees well with the typical characteristics of DPP etching,
namely that nanometric structures are selectively removed,
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and also with the results of previous studies in which a
surface prepared by CMP was flattened by DPP etching
[6, 7,9, 10].

Finally, we discuss the surface structures of Samples B,
C, and D. The origin of these structures was considered to
be the nonuniform composition of the crystallized glass
substrates. As described above, the substrates had Al,O;
and TiO, microcrystals in the host amorphous SiO,.
However, the possible causes of the surface structures
formed differ between CMP and DPP etching. For exam-
ple, Al,O3 has a Vickers hardness about two times higher
than that of SiO, [11]. Thus, since Sample B was polished
by CMP, which is a contact process, the grains with widths
of 100-500 nm and heights of about 20 nm were assumed
to be produced due to the difference in hardness. In con-
trast, DPP etching is a non-contact process based on pho-
tochemical reactions. The microcrystals in the substrate
may have resulted in non-uniform etching because they
have various compositions and crystal orientations. For
example, the etching selectivity of Al,O5 versus SiO, for
dry etching using Cl, gas was reported to be 0.5-0.7 [12,
13], and Al,O; also shows an anisotropic etching rate [14].
In order to estimate the material of the protrusions in
Samples C and D, we calculated the area ratio of the
protrusions relative to the whole measurement area of
AFM, defining areas with heights higher than a threshold
height as protrusions. The threshold heights of Samples C
and D were set to 47.5 and 32.0 nm, respectively. As a
result, the densities were calculated to be 4.34 and 10.0 %
in Samples C and D, respectively. These calculated values
were in suitable agreement with the experimental results.
As written in Sect. 2, the reduction in the height of initial
convex structures by DPP etching was not completed in
Sample C, in contrast to Sample D. Thus, the density of
protrusions in Sample D was higher than that in Sample C,
indicating that the protrusions consisted of materials with
lower etching rates than those of the others. Moreover, the
approximated density of protrusions in Sample D (10 %)
and the approximated Al,O; microcrystal content
(10-20 %) suggest that the protrusion materials are the
microcrystals in the crystallized glass substrate.

4 Conclusion

In this report, we successfully flattened crystallized glass
substrates used for HDDs using DPP etching with laser
light having a high power density. The surface rough-
ness, R,, was reduced from 92.5 to 5.00 nm (1 s DPP
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etching) and 5.20 nm (5 s DPP etching) when irradiated
with CW laser having a wavelength of 532 nm, a power
of 8 W, and spot diameter of 0.2 mm under Cl, gas with
a pressure of 200 Pa. The obtained surface roughness
either equaled or surpassed that of a substrate polished
by CMP, whose R, value was 5.77 nm. In addition to the
R, value reduction by DPP etching, from numerical
calculations and analysis of AFM images, DPP etching
resulted in the selective etching of smaller lateral size
than 50 nm.

Owing to the composition of the crystallized glass
substrate and the nonuniform etching rate, the substrates
after DPP etching had protrusions with widths of
50-200 nm and heights of less than 100 nm. We expect
smoother surfaces should be obtained by removing such
protrusions, because DPP etching can be applied to various
compositions by selecting a suitable light source and
reactive gases.
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Abstract This paper reports the fabrication of a polar-
ization-controlled infrared LED fabricated by dressed-
photon—phonon (DPP)-assisted annealing of a bulk Si
crystal. For the DPP-assisted annealing, linearly polarized
infrared light with a wavelength of 1.342 pm was made
normally incident on the top surface of the crystal. The
photon energy at the peak of the emitted light spectrum of
the fabricated LED was close to that of the light irradiated
during the DPP-assisted annealing. A degree of polariza-
tion of as large as 0.07 was obtained. The spatial distri-
bution of the doped B atoms in the fabricated LED was
measured, and the following findings were obtained: (1) B
atoms formed pairs in which the separation between the
two B atoms was three times the lattice constant of the Si
crystal; and (2) the B atom pairs were apt to orient along
the direction perpendicular to the propagation direction and
to the polarization direction of the light irradiated during
the DPP-assisted annealing. Based on these findings (1)
and (2), photon breeding was confirmed with respect to
photon energy and spin, respectively.
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1 Introduction

Although bulk silicon (Si) crystal has been popularly used
for electronic devices, it has not been used for practical
light-emitting devices such as light-emitting diodes (LEDs)
and lasers. This is because Si is an indirect transition-type
semiconductor, meaning that electrons in the conduction
band have to change their momenta in order to produce
light emission. Here, the problem is that the probability of
the interaction between an electron and a phonon, indis-
pensable for the momentum change, is very low.

In order to solve this problem, for example, porous Si
[1], a super-lattice structure of Si and SiO, [2, 3], and Si
nanoprecipitates in SiO, [4] have been used to emit visible
light. To emit infrared light, Er-doped Si [5] and Si—Ge [6]
have been employed. In these examples, the emission
efficiency is too low for practical use since Si still works as
an indirect transition-type semiconductor in these
materials.

To drastically increase efficiency, a novel fabrication
method named DPP-assisted annealing has been recently
devised by the authors [7]. This method has been used to
fabricate an infrared LED whose external quantum effi-
ciency and output power were as high as 15 % and 1 W,
respectively, at a wavelength of 1.32 um (CW operation at
room temperature). A visible LED [8], an infrared laser [9,
10], an optical and electrical relaxation oscillator [11], and
an infrared photodetector with optical amplification [12]
have also been fabricated by this method. Furthermore,
visible LEDs have been fabricated by using a bulk silicon
carbide (SiC) crystal, even though this material is also an
indirect transition-type semiconductor [13].

The dressed photon (DP) is a quasi-particle created as a
result of the interaction between a photon and an electron
in a nanometric space [14]. Furthermore, the DP excites
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multimode coherent phonons, and they couple to form a
novel quasi-particle called a dressed-photon—phonon
(DPP), which can be used for device fabrication and
operation. The phonons in the DPP contribute to the
required momentum change in the electron described
above. The Huang—Rhys factor, representing the coupling
strength between electrons and optical mode phonons, has
been evaluated to be as large as 4.08 for a fabricated silicon
LED (Si-LED) [15]. This value is about 10>~10° times that
in conventional bulk Si crystals, which demonstrates the
large interaction probability between the electrons and
phonons in this Si-LED. Furthermore, modes of coherent
phonons in the DPP have been identified by pump—probe
laser spectroscopy [16].

In the case of a conventional LED, it should be pointed
out that the photon energy of the emitted light is determined
by the bandgap energy E, of the semiconductor used [17].
In contrast, in the case of the present Si-LED, it is deter-
mined by the photon energy hv,nnear Of the light irradiated
during the DPP-assisted annealing. This phenomenon has
been called photon breeding [18]. In other words, the pho-
ton energy of the emitted light is identical to Avnear,
because the difference between Avypnea and E, is compen-
sated for by the energy of the phonons in the created DPP.
Therefore, even infrared light, whose photon energy is
lower than E,, can be emitted from the Si-LED based on
photon breeding. Photon breeding has been confirmed also
in a visible Si-LED [8] and a visible SiC-LED [13], which
have been fabricated via DPP-assisted annealing by irradi-
ating bulk Si and SiC crystals with visible light, respec-
tively. The magnitudes of the phonon sidebands in the
output light spectrum have been controlled by irradiating
pairs of light pulses during the DPP-assisted annealing [19].

It is expected that photon breeding takes place not only
with respect to photon energy described above but also
with respect to photon spin. That is, the light emitted from
the LED can be polarized if it is fabricated by irradiating
the Si crystal with polarized light during the DPP-assisted
annealing.

The output light from conventional LEDs is not polar-
ized, and several methods have been proposed for polar-
izing it, such as using the specific anisotropic optical
properties of nonpolar GalnN quantum wells [20] and
installing a complicated subwavelength-size metallic
nanograting [21]. Instead of these approaches, the present
paper proposes a novel polarization control method for
infrared Si-LEDs based on photon breeding with respect to
photon spin. It also reports the results of high-spatial-res-
olution three-dimensional analyses of the spatial distribu-
tion of the doped B atoms, performed in order to confirm
the photon breeding.

Radiation energy dissipation from relativistic jets in
blazars has also been called photon breeding [22]. In this
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astrophysical phenomenon, very high-energy X rays are
generated from low-energy infrared or visible light by
inverse Compton scattering with a charged particle.
Therefore, the photon breeding discussed in the present
paper, creating photons by using a DPP in a nanometric-
sized space in a material, is fundamentally different from
that in astrophysics. Due to this difference, the present
photon breeding may have to be called ‘“nano-photon
breeding” in order to avoid confusion. However, this paper
uses the name “photon breeding” for conciseness.

2 Fabrication and operation

The structure of the fabricated Si-LED is schematically
shown in Fig. 1a. The fabrication method was equivalent to
that in Ref. [7], except that linearly polarized light was
irradiated during the DPP-assisted annealing.

2.1 Fabrication by DPP-assisted annealing

First, to form the p—n homojunction, an As-doped n-type Si
crystal with a thickness of 625 pm, whose electrical
resistivity was 10 Q cm, was used. The top surface of the
Si crystal was a (001) plane. The upper part of this crystal

—_

Irradiation light

'Polarization

v p-type Si

-type Si

\)3mm

(b)

3.0 Lo
1015 1016 1017 1018 1019 1020

Concentration (atoms/cm?3)

Fig. 1 Structure of the Si-LED. a A bird’s-eye view and photograph
of the device. Definitions of the Cartesian coordinates (x, y, z), the
zenith angle 6, and the azimuthal angle ¢ are also given. b Cross-
sectional profile of the doped B atom concentration along the z-axis,
measured by secondary ion mass spectroscopy. The thick arrow
represents the area of the measurement, to be presented in Fig. 3
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was further doped with B by ion implantation to form a p-
type layer. The implantation direction was the [001] ori-
entation (along the z-axis in Fig. la, normal to the (001)
plane), and the energy was 700 keV, which realized a
doped B atom concentration of 10'® cm™, corresponding
to 0.04 % of the Si atom concentration. Figure 1b shows
the cross-sectional profile of this concentration along the z-
axis, measured by secondary ion mass spectroscopy, which
represents the p—n homojunction at a position 1.5-2.0 um
down from the top surface of the Si crystal. An ITO film
(150 nm thick) was deposited on the top surface of the Si
crystal. Cr and Al films were subsequently deposited on the
bottom surface (5 and 100 nm thick, respectively). They
were used as an anode and cathode, respectively. After
depositing these films, the Si crystal was diced to form a
device with an areal size of 3 mm x 3 mm.

Second, for the DPP-assisted annealing, a forward bias
voltage was applied to inject the current (170 mA: current
density of 1.89 A cm™?) in order to generate Joule energy,
causing the B to be diffused by the Joule-heat and varying
the spatial distribution of its concentration. During the
annealing, infrared light, linearly polarized along the x-axis
in Fig. la, was normally incident on the top surface of the
Si crystal, through the ITO anode. Its power density,
photon energy hv,nnea, and wavelength were 3.3 W cm 2,
0.924 eV, and 1.342 pm, respectively.

Since the photon energy hv e Of this light is lower
than E, (=1.12 V), it can propagate through the Si
crystal without suffering absorption, creating a DPP on
the surface of the B atom at the p—n homojunction. The
electron in the conduction band at the p—n homojunction
interacts with this DPP to exchange momentum with the
phonons in the DPP, and, as a result, a photon is created
by stimulated emission. The created photon propagates to
outside the Si crystal, which means that a part of the
Joule energy is transformed to the propagating photon
energy and is dissipated from the Si crystal. This dissi-
pation decreases the diffusion rate of the B atoms,
affecting the variation of the spatial distribution of B
atoms. The fabrication is finished when this distribution
reaches a stationary state.

2.2 Operation based on photon breeding

For the operation of the fabricated S-LED, the infrared
light irradiation is not required any more; it is used only
during the DPP-assisted annealing. Only forward current
injection is required, as is the case of the conventional LED
operation. By this forward current, an electron is injected
into the conduction band at the p—n homojunction and
creates a photon by spontaneous emission even though its
probability is very low. However, once this photon is
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created, it subsequently creates a DPP on the surface of the
B atom at the p—n homojunction, and this DPP interacts
with another electron in the conduction band to exchange
momentum so that a secondary photon is created. By
repeating these momentum exchange and photon creation
processes, the emitted light intensity is amplified and
reaches a stationary value within a short duration, so that
light with a sufficiently high intensity is emitted from the
p-n homojunction. It should be noted that the photon
energy of the emitted light is identical to hv,ppeq- This is
because the spatial distribution of the B atoms has been
controlled by the light irradiated during the DPP-assisted
annealing, enabling most efficient stimulated emission and
spontaneous emission of photons with identical photon
energy. In other words, the light irradiated during the DPP-
assisted annealing serves as a “breeder” that creates pho-
tons with an energy equivalent to Av,,,eq. This is the rea-
son why this novel phenomenon is named photon breeding
with respect to photon energy.

For evaluating the polarization characteristics of the
fabricated Si-LED, the emitted light was decomposed into
two linearly polarized components by using a linear
polarizer, and their intensities (I, 1) were acquired. The
polarization directions of these components are, respec-
tively, parallel and perpendicular to that of the light irra-
diated during the DPP-assisted annealing.

Their light emission spectra at an injection current of
100 mA are represented by the curves A and B in Fig. 2a,
whose spectral peaks are close to hv,yneq due to the photon
breeding with respect to photon energy. It is seen that /)| is
larger than 7, in a wide spectral range around Av,nnear.
Since the linearly polarized light is the superposition of the
two photons with up- and down-spins, this difference
between [ and I, in this figure also represents the suc-
cessful results of polarization control, which is due to
photon breeding with respect to photon spin.

The black squares in Fig. 2b represent the measured
relation between the DPP-assisted annealing time and the
degree of polarization P = (I” - IL)/(IH +IL) at the
photon energy Avannea- The value of P in this figure is zero
at zero annealing time because the Si crystal is optically
isotropic. However, this value increases with increasing
annealing time and asymptotically approaches a maximum
value of 0.07. This increase is not due to the optical ani-
sotropy induced by the Joule-heat because the applied Joule
energy was too low to strain or deform the Si crystal. For
reference, the surface temperature was maintained at as low
as 154 °C in the DPP-assisted annealing (Fig. 2 in Ref. [7]).

The measured values were fitted by the solid curve in
Fig. 2b. This curve represents the result of numerical cal-
culation based on the two-level system model, which is a
theoretical model popularly used for the light-induced
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Fig. 2 Characteristics of the light emitted from the fabricated Si-
LED. a The light emission spectra. Curves A and B are the linearly
polarized components, which are, respectively, parallel and perpen-
dicular to the direction of the linear polarization of the light irradiated
during the DPP-assisted annealing. The annealing time was 180 min.
b Relation between the DPP-assisted annealing time and the degree of
polarization P at the photon energy, hVinnea- Black squares represent
the measured values. The solid curve represents the theoretical values,
which were fitted to the measured values

variations of the configuration coordinates in several phe-
nomena, such as spectral hole burning [23]. The agreement
between this curve and the measured values suggests that
the polarization was controlled by the linearly polarized
light irradiated during the DPP-assisted annealing.

3 Analyses of the spatial distribution of boron
atoms

To confirm the hypothesis given at the end of Sect. 2.2, this
section presents the analysis results of the three-dimen-
sional spatial distribution of the doped B atoms, which was
measured by atom-probe field ion microscopy with sub-
nanometer resolution [24]. The measured area is repre-
sented by a thick arrow in Fig. 1b. Figure 3 shows the
measured three-dimensional spatial distribution of B atoms
at the p—n homojunction. The black dots represent the
positions of the individual B atoms. The distribution is
projected onto the xy-, yz-, and zx-planes ((001), (100), and
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I Irradiation light

Polarization

Fig. 3 Three-dimensional spatial distribution of B atoms, measured
by the atom-probe ion microscopy

(010) planes), represented by green, blue, and red dots,
respectively.

It should be noted that the Si crystal is composed of
multiple cubic lattices with a lattice constant a of 0.54 nm
[25], and its top surface lies in the xy-plane. The light
irradiated during the DPP-assisted annealing is normally
incident on this plane; i.e., the light propagation direction is
parallel to the z-axis, which is parallel to the [001]
orientation.

3.1 Separation between the boron atoms in the pair

Some of the regularly arranged Si atoms are replaced by
the doped B atoms in the DPP-assisted annealing. It has
been pointed out that phonons can be localized at the B
atoms for creating a DPP under light irradiation because
the B atoms are lighter than the Si atoms. However, for this
localization, it has also been pointed out that two or more
adjacent B atoms (in other words, two or more unit cells
containing B atoms) are required [26]. Since the doped B
atom concentration is as low as 0.04 % relative to the Si
atom concentration, making it difficult for more than three
B atoms to aggregate, the following discussion considers
two closely spaced adjacent B atoms (a B atom pair),
around which a phonon is localized for creating a DPP.
That is, the pair of unit cells containing the B atoms serves
as a phonon localization center.

Figure 4a, b shows the numbers of B atom pairs plotted
as a function of the separation, d, between the B atoms in
the pair, which were derived from the measurement results
in Fig. 3. Since the distribution of the number of B atom
pairs is nearly random, it can be least-squares-fitted by the
Weibull distribution function (the solid curve in these fig-
ures), which is expressed as

p(d) = (3/B)- (a/B)* - exp|~(d/B)] (1)
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Number of B atom pairs (a.u.)

Number of B atom pairs (a.u.)

d (nm)

Fig. 4 Number of B atom pairs plotted as a function of the separation
d between the B atoms in the pair. a The un-annealed Si crystal. b The
DPP-assisted-annealed Si crystal

where 6 is the concentration of the B atoms, and

f = {/3/4nd. In the un-annealed Si crystal (Fig. 4a), the
measured number of B atom pairs deviates from the solid
curve in the range d > 45 nm. The deviation depends on
the characteristics of the ion implantation.

In contrast, in the Si crystal after the DPP-assisted
annealing (Fig. 4b), the deviation is much less than that in
Fig. 4a, which means that the DPP-assisted annealing
modified the spatial distribution and decreased the deviation
induced by the ion implantation, making the distribution
more random. However, at specific values of d (=na, where
n=3,4,5, 6; refer to the four downward arrows in this
figure), the number of B atom pairs still deviates from the
solid curve and is larger than that of the solid curve. This is
explained as follows: The B atom pair with the shortest
d (i.e., equal to the lattice constant a) can orient in a
direction parallel to the [1,0,0], [0,1,0], or [0,0,1] orienta-
tion because the Si crystal is composed of multiple cubic
lattices. As a result, the wave-vector (momentum) of the
localized phonon points in this direction, which corresponds
to the I' — X direction in reciprocal space (Fig. 5). Thus, a
photon is efficiently created because this I' — X direction is
the same as the direction of the wave-vector of the phonon
required for recombination between an electron at the bot-
tom of the conduction band at the X-point and a hole at the
top of the valence band at the I'-point. Here, it should be
noted that the absolute value of the wave-vector of the
phonon has to be 1/a for this electron—hole recombination to
take place. Furthermore, it should also be noted that, among
the phonons localized at the B atom pair with separation
d (=na), the absolute value of the wave-vector of the lowest
mode is 1/na. By comparing these two absolute values, it is
found that the DPP at this B atom pair has to create
n phonons for recombination. Thus, it can be concluded that
the four downward arrows in Fig. 4b indicate selective
increases in the number of B atom pairs with separation
d = na due to the DPP-assisted annealing, and these pairs
serve as localization centers for the phonons.

Unit cell

Reciprocal space

0.54 nm

Fig. 5 Unit cell of the Si crystal in real space and in reciprocal space

Figure 6a shows the relation between n and the mea-
sured deviation in Fig. 4b. This figure shows that the
deviation takes the maximum value at n = 3, which means
that B atom pairs most efficiently create three phonons for
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Fig. 6 Relation between n and the deviation. a Measured results.

b The energy band diagram of Si and schematic explanation of light
emission
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light emission, as is schematically shown in Fig. 6b. This
phonon creation process is consistent with the discussion in
Ref. [15], in which the magnitudes of the phonon sidebands
in the light emission spectra were analyzed based on the
density of states of phonons and the estimated value of the
Huang—Rhys factor. As a result, the emitted photon energy
hVem is expressed as Aveyn = Eg — 3Ephonon- By substituting
the values of E, (=1.12 eV) and the relevant optical mode
phonon energy Ephonon (=65 meV [27]) into this equation,
the value of hv., is derived to be 0.925 eV, which is
identical to the photon energy hv,nnea irradiated during the
DPP-assisted annealing. This numerical relation confirms
that photon breeding with respect to photon energy occurs.

3.2 Dependence on the zenith and azimuthal angles

Figure 4b indicates selective increases in the number of B
atom pairs with separation d = na. This means that, since
n is an integer, B atom pairs are apt to orient along a plane
perpendicular or parallel to the top surface of the Si crystal
(zenith angle 6 = 0° or 90° in Fig. 1a). Orientation along
other directions in which 7 is not an integer (8 # 0°, 90°)
hardly occurs.

Figure 7a shows the relation between the zenith angle 0
and the number of B atom pairs. It can be seen that this
number takes the maximum value at 0 = 90°, which means
that the B atom pairs are apt to stretch in a plane (xy-plane)
which is parallel to the top surface of the Si crystal, i.e.,
perpendicular to the propagation direction ([001] orienta-
tion; z-axis) of the light irradiated during the DPP-assisted
annealing. On the other hand, the number of B atom pairs
takes the minimum value at 0 = 0°, which means that the
B atom pairs hardly orient along the propagation direction
(z-axis) of the light irradiated during the DPP-assisted
annealing. This is because the phonons are hardly localized
along this direction since their momenta (wave-vectors) are
parallel to 8 = 90° [28].

Figure 7b shows the relation between the azimuthal
angle ¢ and the number of the B atom pairs. This angle is
defined in the xy-plane (6 = 90°), and ¢ = 0° corresponds
to the polarization direction (x-axis) of the light irradiated
during the annealing. The vertical axis in Fig. 7b represents
the difference in the numbers of B atom pairs after and
before the DPP-assisted annealing. The negative value of
this difference at ¢ = 0° means that the number of B atom
pairs orienting to ¢ = 0° decreases as a result of the DPP-
assisted annealing. In the region ¢ > 45°, this difference
becomes a positive value, which means that the number
increased due to the DPP-assisted annealing. The number
of B atom pairs takes the maximum value at ¢ = 90°. This
angular dependence means that the diffusion of the B
atoms was controlled by the linearly polarized light

@ Springer

64

E
©
2 4
‘©
o
€
ie]
© 3
m
ks
s (a)
8 2 \ !
g 0 45 90
z
& (degree)
-

83

E\(_g/ 0.02

g o

£8 0

5 E

8 ® -0.02

§ m

o O

§QE < -0.04 |

s 0 45 90
@ (degree)

Fig. 7 Relation between the orientation angle and the number of B
atom pairs. a Relation between the zenith angle 6 and the number of B
atom pairs. b Relation between the azimuthal angle ¢ and the
difference in the numbers of B atom pairs after and before the DPP-
assisted annealing

irradiated during the DPP-assisted annealing, with the
result that the B atom pairs oriented to ¢ = 90°.

As a result, the light emitted from the fabricated LED
was polarized, and the polarization direction was governed
by that of the light irradiated during the DPP-assisted
annealing. There are two possible origins of this induced
polarization of the emitted light: (1) Since the oriented B
atom pairs work as a kind of nano-wire grid in the xy-plane
(the orientation of this grid is ¢ = 90°), the light emitted
from the fabricated LED can be linearly polarized in the
direction (¢ = 0°) perpendicular to the direction of the
grid. (2) First, when the LED is fabricated by the DPP-
assisted annealing, transverse optical phonons are created
at the B atom pairs and couple with the DPs. The vibration
direction of these phonons is parallel to that of the electric
field of the polarized light (¢ = 0°) irradiated during the
DPP-assisted annealing. Next, when the fabricated LED is
operated, since these phonons are created again, the
direction of the electric field vector of the emitted light
becomes also parallel to the vibration direction of these
phonons. Therefore, the polarization direction of the
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emitted light becomes identical to that of the light irradi-
ated during the DPP-assisted annealing.

The number of B atom pairs at ¢ > 45° in Fig. 7b is
8.6 % of the total, which corresponds to a P value of 0.07
for the 180-min annealing time. This correspondence
supports the origins (1) and (2) presented above. It should
be possible to increase P further by more precisely con-
trolling the annealing parameters for orienting more B
atom pairs along the direction ¢ = 90° (and also 0 = 90°).

4 Summary

This paper reported the fabrication of an infrared LED by
using DPP-assisted annealing of a bulk Si crystal and
evaluation of its light emission characteristics. For the
DPP-assisted annealing, linearly polarized infrared light
with a wavelength of 1.342 pm was made normally inci-
dent on the top surface of the bulk Si crystal in order to
control the polarization of the light emitted from the fab-
ricated LED. As a result, the photon energy at the peak of
the emitted light spectra of the fabricated LED was close to
that of the light irradiated during the DPP-assisted
annealing. A degree of polarization of as large as 0.07 was
obtained.

In order to confirm the photon breeding involved in this
polarization control, the spatial distribution of the doped B
atoms was measured. The following findings were
obtained: (1) B atoms formed a pair, in which the separa-
tion between the two B atoms was three times the lattice
constant of the Si crystal. This separation is the origin of
the photon breeding with respect to photon energy. (2) The
B atom pairs are apt to orient in the direction = 90° and
@ = 90°. The former and the latter are the values of the
zenith and azimuthal angles, which are perpendicular to the
propagation direction and the polarization direction of the
light irradiated during the DPP-assisted annealing,
respectively. These orientations are the origin of the photon
breeding with respect to photon spin.

For reference, the polarization of the output light from a
visible SiC-LED has also been controlled by the method
devised in the present work, and a value of P as high as
0.12 was obtained at a wavelength of 480 nm [29]. Such
polarization control of visible LEDs could be advantageous
for reducing power consumption in backlight systems for
displays and imaging applications.
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ABSTRACT

We demonstrated large optical modulation using zinc
oxide single crystal doped with nitrogen ions, which was
annealed by a dressed-photon—-assisted annealing
method. The device, having a thin, transmissive structure,
was used as a key component of a novel speckle
reduction method.

1. INTRODUCTION

Oxide semiconductors, which have a large bandgap,
are one of the most widely utilized direct-transition-type
materials. Although such materials are in high demand for
electro-optical applications, it is technically difficult to
implement electrically induced optical functions using the
standard doping methods that are used with other types
of semiconductors [1-5]. Recently, a technique known as
dressed-photon—assisted annealing [6] has been
developed to autonomously form a dopant distribution
that works as a p—n homojunction layer that is suitable for
effectively inducing dressed photons [7] by irradiating the
material with light. Based on this approach, various

electrically induced optical functions have been
successfully demonstrated by wusing indirect- and
direct-transition-type semiconductors [6, 8—15].

We focused on zinc oxide (ZnO). A novel

electro-optical modulator has been implemented with this
material by using dressed-photon—assisted annealing [6].
We previously reported the results of some experimental
demonstrations that revealed giant polarization rotation
using a reflective-type device [16]. Polarization rotation is
strongly required for reducing laser speckles [17], which
are unwanted interference patterns generated in
laser-displayed images [18] due to the high coherence of
laser light. Here we describe new experimental
demonstrations using a transmissive-type device, instead
of the reflective-type device, in order to avoid unwanted
optical signals due to reflection at the device surface and
to improve the practicality for implementing an actual
system. We also propose a speckle reduction method
based on modulation of the focal position of laser light,
instead of the previous method based on polarization
rotation [19]. Although their fundamental physics and
basic mechanisms are different from each other,
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proposed method is expected to have more sufficient
performance for practical implementation of a speckle
reduction system.

2. OPTICAL MODULATION

To fabricate a transmissive-type ZnO device, we
used a commercially available n-type ZnO single crystal,
which was prepared by the hydrothermal growth method,
and N* and N?* ions were doped into the crystal by
using multi-step implantation. Then, the doped crystal
was set on a glass epoxy substrate with an aperture to
allow transmission of incident light. After connecting top
and bottom electrodes to the crystal, dressed-photon—
assisted annealing [6] was performed; that is, the device
was irradiated with laser light during Joule heating
brought about by the application of a forward bias
current between the electrodes. A schematic diagram
and the actual appearance of the device are shown in
Fig. 1(a) and (b), respectively.

Input light @3=405 [nm]

ITO layer@150 nm surface side
\ electrodes
Doped-ZnO—1
@500 um &
| oK Generated
N+ and N2+ J DF’S
dopants

:a:m-_-\g;,

Glass epoxy substrate underside electrode

(b)
Fig. 1 (a) Schematic diagram of transmissive-type
ZnO device and (b) appearance of the device
consisting of 2x2 unit elements.

As shown in Fig. 1(a), to demonstrate use of the ZnO
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device as an electro-optical modulator, an original
arrangement of electrodes was used for applying an
in-plane current to the device, so that current-induced
magnetic fields induced effective interactions between
dopant-originated optical near-fields due to incident light.
Based on repeated interactions during propagation of light
in the device, finally, extremely large amounts of phase
shift and corresponding polarization rotation are obtained.

The experimental setup for demonstrating polarization
rotation using the device was designed to observe only
modulated light among the linearly-polarized incident light,
as shown in Fig. 2(a). Figure 2(b) shows an example of
the output light intensity observed with 1 Hz sawtooth
modulation of a +10 V voltage applied to the device. The
result was obtained by extracting pixel values from
sequential images, which were obtained by rendering
video data. As shown, while the applied voltage was
increased to +10 V, the pixel values were changed in four
cycles, corresponding to more than 4n radians of
polarization rotation.

Transmissive-type CCD camera

Zn0 device
ﬁ‘" (H R
i
Laser diode G*?H-Thompson
@3=405 [nm] polarizer
sawtooth
modulation
(a)
= 4.2 —*-0*!:[*2]‘!-3‘!1"4'!!
3 =4 T‘ I
fU T T T
L = 8 y L Py /E r
g g’g 40 / : .l 4 : H
#82 LI T ]
gg_a&g 74 AR D AR :U
2% ){ TR Z M R ){
SEz o0 Pl T
555 o7 Al 1
z = s e
36 1 il A
] 1.0 20 3.0 4.0 5.0
Processing time [s]
(b)

Fig. 2 (a) Schematic diagram of setup for polarization
rotation using transmissive-type ZnO device. (b)
Experimentally demonstrated modulation of optical
intensity due to polarization rotation.

The polarization rotation obtained in this demonstration
was many times higher than that achievable using similar
conventional phenomena, such as the magneto-optical
effect. As we previously described, the origin of the
polarization rotation in our device is interactions between
current-induced magnetic fields and dopant-originated
optical near-fields. In other words, the spatial distribution

1067 IDW'15

70

of dopants in the device, which is optimized to induce
optical near-fields in the areas surrounding each dopant
via dressed-photon-assisted annealing, is
fundamentally important. Such a strong
electrically-induced optical function has never been
realized by using oxide semiconductors or any other
materials.

3. SPECKLE MODULATION

Because speckle noise is a critical issue in displaying
high-resolution images by laser scanning, reducing
speckle noise is one of the most important issues in
realizing practical laser displays [18]. Although several
approaches for reducing speckle noise have been
investigated, including a method of decreasing the
coherence of laser light so that beams do not interfere
with each other [20-22] and generating fluctuating
speckle patterns [23-25], there has been no decisive
proposal or breakthrough that will enable the practical
realization and widespread adoption of laser displays.
The main reasons for this are the lack of high-speed,
compact, and energy-efficient devices.

Here we propose a novel speckle-reduction method
based on high-speed modulation of the focal position of
laser light using our transmissive-type ZnO device.
Sufficiently high-speed modulation of the focal position
enables high-speed modulation of speckle patterns. As
a result, the speckle contrast of time-averaged images
is necessarily decreased. Due to the novel
specifications of our device, we expect that this
approach will be one of the most promising
breakthroughs in the development of laser displays and
related research.

Before demonstrating speckle reduction, we verified
that the focal position of the transmitted light could be
modulated by a large amount. This was achieved by
applying 5 Hz sawtooth modulation to the device and
observing the corresponding change of refractive index
of the ZnO device. As shown in Fig. 3(a), a noticeable
difference was obtained in the light patterns formed on a
CCD camera. Moreover, the corresponding refractive
index modulation level was approximately calculated by
assuming focusing by a single BK-7 lens. The result is
shown in Fig. 3(b). As shown, a refractive index change
of more than 1.5 % was obtained by applying a voltage
of 20 V to the device. Such a result is quite useful for
speckle reduction in situations where rapid modulation
of the focal position is expected to generate various
speckle patterns during the modulation, resulting in
lower-contrast, time-averaged images being displayed
on a screen.
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Fig. 3 (a) Experimentally demonstrated modulation of
focal position of laser light, and (b) approximate
change in refractive index caused by the modulation.
(c) Schematic diagram of setup for speckle reduction
using ZnO device, and experimentally obtained
speckle pattern (inset).

Modulation of the focal position is due to a lens effect in
the ZnO device. Specifically, the distribution of current
density applied in-plane to the device induces a spatial
change in the refractive index distribution, giving rise to a
corresponding lens effect. In order to verify the
high-speed modulation of speckle patterns by modulating
the focal position of the laser light, we constructed
another setup using a frosted-diffuser and obtained
modulated speckle patterns, as shown in Fig. 3(b).

The main advantages of our idea are the coaxiality and
a setup that does not require mechanical devices. The
conventional approach [23-25], which is also based on
modulation of speckle patterns, additionally requires a
mechanical setup to realize high-speed fluctuation of the
displayed screen. This is a disadvantage in terms of not
only the system complexity but also its implementation
cost and power consumption. In contrast, while the basic
concept of our approach is similar to the conventional one,
our setup does not require any mechanical devices.
Therefore, a compact, high-speed system for speckle
reduction can be implemented.

4. SUMMARY

We have reported the realization of an original optical
modulator, namely, a transmissive-type ZnO device. The
results of experimental demonstrations of polarization
rotation using the device revealed large amounts of
modulation, similar to those we previously demonstrated
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using a reflective-type device. Moreover, in order to
apply this approach to speckle reduction, we focused on
high-speed modulation of the focal position of laser light
by using the device. In future research, we plan to
quantitatively verify the response characteristics of the
modulation and optimize the specifications of the device
so that it can be applied to practical speckle reduction
for laser displays in the near future.

This work is supported by a research grant from The
Murata Science Foundation and by Kyushu University
Interdisciplinary Programs in Education and Projects in
Research Development.
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ABSTRACT

An magneto-optical current-transformer using SiC was
demonstrated. This device was SiC homojunction diode
processed by the dressed-photon-phonon annealing. The
Verdet constant of the device was 600 deg/A and the
Faraday rotation angle was 7800 deg/cm. Its potential as a
display component is extremely high.

1. INTRODUCTION

The magneto-optical current-transformer (MOCT)
as the current measurement system for large current
have been practical realized [1]. The device
mechanism is based on the Faraday effect [2].
MOCT as a current sensor is noncontact and
insulated operation. Therefore MOCT sensor is
suitable for high-power system. The Faraday effect
of the transparent material used in MOCT is very
small. The Verdet constant, which is the material
constant indicating the magnitude of Faraday effect,
of those materials, e.g., optical fiber glass,
semiconductors and other conventionally
paramagnetic materials are 1X10®- 1X10° deg/A [3].
On the other hand, the Faraday rotation of the
ferromagnetic materials, e.g., Fe(iron), Co(cobalt)
and Ni(nickel) are very large (> 1x10° deg/cm) [4,%].
Such large Faraday rotation is applicable to the
polarization rotator as display components. However,
conventional ferromagnetic materials are not
transparent for visible light.

Recently, we found a giant polarization rotation
using a ZnO(zinc oxide) crystal processed by a
dressed-photon—phonon (DPP) annealing[5]. Its
potential as a display component was extremely
high. So far, we have reported homojunction
semiconductor LEDs including ZnO and SiC(silicon
carbide) fabricated by a dressed-photon—phonon
(DPP) annealing [6,7]. Therefore, appearance of the
polarization rotation was expected in DPP annealed
SiC crystal. 4H-SiC crystal is also transparent for the
visible light like a ZnO crystal. If the polarization
rotation appears using the SiC crystal, it is also
applicable to display components. The polarization
rotation using a ZnO crystal is a kind of MOCT but its
mechanism is not clarified. Higher stability of the
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crystal quality of SiC than that of ZnO strongly
supports the clarification of the mechanisms.

(@)
Cr/PUAu(100nm
i/-\—_-

150nm/200nm)

(0001)

Cr/NYVAu(100nm/1 50nm/~200nm)

Fig. 1. (a) The cross-sectional structures of the
device. (b) The electrode geometry on the top surface
of the device. The injection current is carried in the
electrode at the device operation, as shown by the
blue arrow. The induction magnetic field B is
generated by the injection current.

2. EXPERIMENTAL

First, we prepared a SiC p-n homojunction
formed by ion implantation in n n-type bulk wafer.
The junction structures are shown in Fig.1 (a). The
electrodes were fabricated on the both side of the
SiC pn homojunction by sputtering. After bonding it
on the circuit board, the devices were annealed by
Joule heating brought by a forward bias current
under laser irradiation. This process is DPP
annealing[5-7]. Here, we used a 405 nm laser with a
power of 20 mW. After DPP annealing, the SiC
homojunction acts as a LED by applying the forward
bias currents. When the device is used as a
magneto-optical  current-transformer, ie., a
polarization rotator, the current is applied along with
the patterned electrode, as shown in Fig.1(b), to
generate the magnetic field with the normal direction
to the top side of the device.

Figure 2 (a) shows a top side photograph of the
SiC device chip after DPP annealing. The estimated
magnetic flux density is shown in Fig.2 (b) for the
current of 30 mA along with the current pathway
shown by the yellow arrows in Fig.2(a). The
estimated magnetic flux density was 1.8 mT at the
center position of the laser irradiation spot. Figure
2(c) shows the experimental setup to demonstrate
MOCT. The incident laser with the wavelength of
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405 nm is linearly polarized by Glan-Thompson
prism. The laser beam is focused onto the SiC
device. The reflected laser by the bottom-side
electrode of the device returns back to
Glan-Thompson prism. Finally, the polarization
rotational components is measured by a camera or a
photodiode.

Laser-irradiation position

n

Magnetic flux density (mT)

100

L.
Position ( ¢ m)

) f Glan-Thompson prism
Ll

Device Lens

Fig. 2. (a) A top side photograph of the SiC device
chip. Currents are shown by arrows at the operation.
(b) Calculated magnetic-flux-density distribution in
the device. (c) The experimental setup used for
Faraday rotation measurement.

3. DISCUSSIONS

Figure 3(a) shows the shot images (insets) and
temporal revolution of the signal intensity (a black
curve) measured by the camera and the
photodiode(PD) shown in Fig.2(c), respectively. The
red line shows the temporal evolution of the incident
current: triangle wave (frequency: 166Hz). The
relation between polarization rotation angle ¢ and
the measured signal intensity I, reflected by the
Gran-Thompson prism, is given by I=a-l,-sin’
where a(<1) is a loss coefficient due to scattering,
absorption, and so on. The blue curve is the fitted
result by using this relation on the assumption that
the rotation angle ¢ is proportional to the magnitude
of the injection current, i.e., the induced magnetic
flux density.

Figure 3(b) shows the magnetic-flux-density
dependence of the Faraday rotation angle. The blue
line shows the Verdet constant of 600 deg/A. The
horizontal arrow (—) shows the Faraday rotation
angle of 7800 deg/cm under the saturated magnetic
flux density. Appearance of the threshold value
(shown by | )at B =0 indicates the SiC device has
a remanent magnetization feature.

4. SUMMARY
An magneto-optical current-transformer using SiC
crystal was demonstrated. DPP annealed SiC
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Magnetic flux density (mT)
Fig. 3. (a) Detected signal intensity of the photodiode
measuring the reflected laser light from the SiC
polarization rotator and Glan-Thompson prism.
(b)Faraday rotation angle dependence on the
magnetic flux density. The blue line shows the Verdet
constant of 600 deg/A. A horizontal arrow (—) shows
the Faraday rotation angle of 7800 deg/cm under the
saturated magnetic flux density.

homojunction device had 10° times lager Verdet
constant (600 deg/A) than that of the conventional
paramagnetic material. This device also showed
ferromagnetic feature. Its Faraday rotation angle
was 7800 deg/cm. The large polarization rotation
indicate the extremely high potential as display
components.
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We have developed a novel optical modulator using zine oxide single erystal doped with nitrogen ions and have
gxperimentally demonstrated current-induced giant polarization rotation’. Qur idea is based on dressed-photon-—
phonon assisted annealing’, which autonomously forms a suitable distribution of dopanis for effectively
generating dressed photons (DPs)’ by applying thermal annealing and light irradiation at the same time. During
modulation of light, induced DPs in the regions swrrounding clustered dopants are considered to strongly enhance
the interactions between input light and current-induced magnetic fields. In the work described in this paper, we
present the basic concept of our idea and our recent research activities. In particular, we constructed a physical
model of the fundamental phenomena involved in nanometeric interactions between magnetic fields and DPs, and
we confirmed the validity of this model from the results of some experimental demonstrations.

Previously, by using a reflective-type light modulator (Fig. 1(a)), we achieved a polarization rotation of more
than 20z radians by applying a current of 100 mA'®. As shown in the schematic diagram in Fig. 1(b), clustered
dopants become the sources of DPs in the presence of incident light. At the same time, current-induced magnetic
fields strongly affect the phase of the DPs via the distribution of dopants (Fig. 1(c)). In such a situation, the
incident optical energy and magnetic fields are allowed to cfficiently interact with each other via the DP states,
which are efficiently energetically coupled with the phonon states of the material. Afier the interaction,
reconversion of optical energy from the DPs to propagating light occurs, and other interactions are induced in the
regions surrounding other dopants. While the expected amount of modulation in a single process is not large
enough, after a number of iterations of this process, a large modulation is eventually realized. This aspect may be
experimentally verified by demonstrating the light intensity dependency of the amount of light modulation.

surface side
electrodes
Doped-ZnQ

@500 um
g N*and N2+
-dopants

(@) (b) (©
Fig. 1. (a) Photographs of developed reflective- and transmissive-type optical modulators, which consist of 2 X 2
unit elements. (b) Schematic diagram of a single element of the transmissive device, and (c) nanometrically
local interactions between current-induced magnetic fields and DPs in regions surrounding dopants.
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IANF = Lo THE~BURT 2. ZOREE, DPP DFEA:
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HISTORY

The International Center for Nano Electron and Photon
Technology (InCEPT) is the successor to the Nanopho-
tonics Research Center (NPC), which was established in
2008 at the Institute of Engineering Innovation, which is
affiliated with the School of Engineering at the Univer-
sity of Tokyo.

Nanophotonics, which involves the study of novel optical
devices, fabrication technologies, and security systems by
utilizing light-matter interactions on the nanometer scale
via optical near-fields, was proposed by Professor Mo-
toichi Ohtsu [1], the director of the NPC and InCEPT.
A number of novel aspects of nanophotonics, called
“qualitative innovations”, were revealed by exploring and
exploiting the unique behavior that is exhibited by light-
matter interactions on the nanometer scale. Nanophoto-
nics has opened up a variety of research topics, ranging
from the study of very basic physical mechanisms to
practical applications. For example, nanophotonics is
revealing unique connections with electron-spin while
also enabling innovative system applications.

The NPC explored cutting-edge research in nano-
photonics, promoted collaborations with industry and
provided outreach activities such as seminars, workshops,
and international collaborations. The NPC endeavored
to be an inspiring, excellent, internationally-renowned
research organization for nanophotonics.

The remarkable achievements of the NPC have triggered
strategic discussions for expanding research areas and
for further promoting international collaborations. To
reflect these new directions, the NPC was dissolved and

InCEPT, a new center for global R&D completion and
international collaboration, was launched in 2014.

MISSION

A wide range of new technologies were developed at the
NPC, which included technologies for sensing, devices,
information processing, and biotechnology. These tech-
nologies were based not only on nanophotonics but also
on the science of nanoscale electron-photon interactions.
In order to achieve even more robust progress in the ev-
er-widening and developing field of nanoscale electron-
photon science and technology, more systematically
organized frameworks will be important. One mission
of InCEPT is to engage in activities aimed at enriching
and developing the science and technology of nanoscale
electron-photon interactions even further.

In addition to setting up a more systematic framework to
allow high-level academic study in this area, some other
important missions of InNCEPT are to promote collabora-
tion with industry and academia, to provide outreach
activities and to develop the field internationally.

RESEARCH ACTIVITIES

InCEPT is directed by Prof. M. Ohtsu, and its core
members are five professors who are leading researchers
in their respective fields. Five associate professors, one
assistant professor, and two research associates support
them. About 80 graduate students, originating not only
from Japan but also from the Asia-Pacific region, and
from American and European countries, are also mem-
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Fig. 1: Schematic diagram of research topics. (@) Dressed photon technology. (b) Bio & oxide electronics and photonics. (c) Crystal interfaces. (d) Photonics and
related areas. (€) Spintronics and related areas. (f) Flexible photonics and electronics.

bers of their laboratories. (1) Oxide spintronics

(2) Oxide plasmonics
InCEPT promotes theoretical and experimental research ~ (3) Ferrite engineering for solar energy harvesting sys-
from diverse viewpoints and approaches regarding tems
various topics, such as materials, devices, fabrication, (4) Terahertz spectroscopy and imaging for nano-bio
information processing, and biotechnology, in order to  sensing devices
gain more profound and fundamental knowledge on  (5) The “Yuragi” system based on spin-glass and/or
the novel science and technology involving nanoscale  relaxor materials for brain mimetic devices
electron-photon interactions. Furthermore, InCEPT is
also committed to promoting international collaboration ~ [Crystal interfaces (Prof. Y. Ikuhara)] (Fig. 1(c))
and providing value to society. Research activities of the (1) Electron microscopy

core members are: (2) Interface and grain boundary structures
[Dressed photon technology [Photonics and related areas (Prof. K. Hotate)]
(Director, Prof. M. Ohtsu)] (Fig. 1(a)) (Fig. 1(d))

(1) Principles of dressed photons: light-matter interac- (1) Optical sensing, optical information processing, opti-
tions in nanometric space, photon-electron-phonon  cal communications and related areas

interactions

(2) Applications of dressed-photon devices: novel func-  [Spintronics and related areas (Prof. M. Tanaka)]
tional nano-scale optical devices; nano-fabrication, in- (Fig. 1(e))

cluding smoothing material surfaces; energy conversion, (1) Spintronics, from synthesis of materials to develop-
including silicon light emitting diodes and lasers; and  ment of devices

information processing, including non-Von Neumann

computing [Flexible photonics and electronics (Prof. T. Someya)]
(Fig. 1(f))

[Bio & oxide electronics and photonics (1) Organic electronic devices, such as organic thin-film

(Prof. H. Tabata)] (Fig. 1(b)) transistors, organic photovoltaic cells, organic photode-
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Fig. 2: Formation of the Core-to-Core Program entitled “Nanoscale electron photon interactions via energy dissipation

and fluctuation.” (Program leader: Prof. H. Tabata).

tectors, organic light emitters, and their integration on
plastic and elastomeric substrates in order to develop
flexible photonic and electronic systems

ACADEMIA-INDUSTRY COLLABORATION

InCEPT has pursued collaborations between academia
and industry. The science and technology of nanoscale
electron-photon interactions have already impacted
a number of practical technologies, such as metrol-
ogy, devices, fabrication, information processing, and
biotechnology, and are expected to open up a broad
range of novel applications. More than 30 companies are
involved.

INTERNATIONAL COLLABORATION

To promote international collaboration, the Core-to-
Core Program of the Japan Society for the Promotion
of Science (JSPS) entitled “Nanoscale electron photon
interactions via energy dissipation and fluctuation”
started in 2014. The mission of InCEPT is to support
this program, as a secretariat to foster international col-
laborations. Prof. H. Tabata, a core member of InCEPT,
serves as the leader of this program. Other members of
InCEPT participate in this program, and active scientists
from other universities and research institutes are also
involved.

The aim of this program is the establishment and com-
prehensive operation of a global co-operative research
hub that uses cutting-edge technology to enable energy
savings using nano-electric photonics with a focus on
dissipative yuragi (noise) as a new guiding-principle
alternative to the scaling rule. By constructively utiliz-
ing yuragi, this program aims to develop an innovative
technology for energy saving and to elucidate new fun-
damental concepts of nano-electronic photonics through
active international collaboration with leading scientists
from France, Germany, the Netherlands, Sweden, and
Switzerland. Fig. 2 schematically explains the formation
of this program.

This program is actively promoting international col-
laborations, organizing bilateral seminars, workshops,
exchanges of scientists and students, and collaborative
research projects, in order to globally expand the
achievements of the science and technology of nanoscale
electron-photon interactions, as well as pursuing other
frontiers from a variety of diverse international views
(Fig. 3).

Finally, regarding collaboration with countries in the
Asia-Pacific region, InNCEPT, and the NPC before it, have
supported the organization of the Asia-Pacific Near-Field
Optics Conference for the last two decades. The scope
of this conference is to explore the potential for creating
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Fig. 3: Scientific exchanges and workshops.

the new sciences and technologies of near-field optics,
nano-optics, and nanophotonics. To provide opportuni-
ties for information exchange and interaction and to en-
able effective personal contact, the size of the conference
was kept as compact as possible. This year, a memorable
10th annual conference was held in Hakodate, Japan. 138
presentations were given by researchers from Australia,
Belgium, China, India, Japan, Korea, Singapore, Sweden,
Taiwan, Thailand, and the USA (Fig. 4).

Acknowledgements: The author is deeply grateful to b TR
Prof. H. Tabata and Prof. T. Yatsui for their help in pre- Fig. 4: Group photograph taken at the 10th Asia-Pacific Near-Field Optics

paring the manuscript of this article. Conference, held in Hakodate, Japan (July 2015).
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We have demonstrated several
near-infrared Silicon (Si) laser devices
at room temperature fabricated using a
phonon-assisted process [1-3]. Their
operation principle and fabrication
method are based on the photon-phonon
Interaction via dressed photons [4,5].
The optical properties of the fabricated
Si laser medium showed a low optical
gain and a small absorption coefficient
[3]. These features come from the Si
which is the indirect transition type
semiconductor. So, the optical
properties of Si laser medium are much
different from those of the conventional
semiconductor laser medium with a
high gain and a large absorption
coefficient. Therefore, a new design as
a semiconductor laser is necessary for
the Si laser.

In this presentation, we demonstrate
current injection type Si laser with a
unique design. Its lasing threshold
current density decreased to 60A/cm?
and the output power of the laser
increased to 13W at the wavelength of
1.34pum for the current density of
100A/cm® The obtained threshold

10
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current density is very low comparing
with the conventional semiconductor
lasers and the output power was more
than 10° times larger than previous Si
lasers that we fabricated.

Figure 1(a) shows the photograph of the
front view of the Si laser device in
operation taken by the infrared camera.
Figure 1(b) shows a injection current
dependence of the laser output power.
The lasing spectral line width was more
than 100 nm, because the device was a
multimode broad area laser.  The
external power efficiency was about
20 %, and the external quantum
efficiency was 80 %. We consider the
high quantum efficiency comes from
the  multi-step transition via
dressed-photon state.
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Figl. (a) infrared
operating Si laser. (b) The injection
current dependence of the laser output
power
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