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SUMMARY  An optical detection system using a DFB laser
with a very small aperture is theoretically proposed. The thresh-
old gain level in DFB laser is sensitively varied with combined
reflections by the facet and the corrugation as well as with the
optical injection reflected at the surface of the optical disk. Vari-
ation of the threshold gain level is counted as the voltage change
on electrodes of the laser. It is found that sensitivity of the opti-
cal detection with a well-designed DFB laser becomes six times
larger than that with conventional Fabry-Perot ones. Field distri-
bution around the small aperture is analyzed taking into account
both the near-field and the radiation field. Numerical data on the
voltage change are given as examples of the detection system.
key words: DFB laser, near field optics, very small aperture,
optical pick-up, optical head

1. Introduction

Recording technology with much high density in the op-
tical disk is demanded toward increasing of information
data. The recording density is restricted with the wave-
length of the detecting light called as the diffraction
limit. One possible idea to increase the density beyond
the diffraction limit is to utilize the so called near-field
component [1],[2]. The near-filed component can exude
from a small aperture whose diameter is smaller than
the half wavelength of the light.

Additional technology to support this idea is to
make role the optical emitter as an optical detector.
Insertion of a beam splitter as in the conventional opti-
cal pick-up prevents to approach both the emitter and
the detector to the optical disk closely. Furthermore,
power of the detecting light is weaker than 1/4 of the
emitted light when a beam splitter with 50% transmit-
tance is inserted.

Detection of the feedbacked light through varia-
tion of the electrode voltage on semiconductor lasers
was firstly proposed by Mitsuhashi et al. [3], and was
followed by Partovi to the case of a small aperture to
utilize the near-field component [4].

The subjects toward realization of the above men-
tioned novel optical pick-up are to increase sensitivity
of the detection and to make free from the feedback
noise. Sensitivity of the detection should be reduced
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with reduction of the aperture size even if the near-
field component is taken into account. Furthermore,
semiconductor lasers tend to reveal excess noise called
feedback noise when the output light is re-injected into
the laser due to reflection at surface of the optical disk
[5].

In this paper, we propose an optical detection sys-
tem using a DFB (distributed feedback ) laser with a
very small aperture as shown in Fig.1. Sensitivity of
the detection can be increased due to combined effect
of the corrugated and facet reflectors. Since the las-
ing longitudinal mode is uniquely selected by the DFB
structure (corrugated reflector), the mode hopping or
the mode competition phenomena among lasing modes
are suppressed. The external cavity mode, which is
formed by the laser facet and the optical disk, should
not be built up because the distance between the laser
facet and the optical disk is shorter than the optical
wavelength. Then any phenomenon of mode competi-
tion will not be generated in the proposed device re-
sulting in operation free from the feedback noise [6].

In Sect. 2, mechanisms of the proposed optical de-
tection system are explained. In Sect. 3, the lasing con-
dition is examined by extending the coupled mode the-
ory of DFB laser [7],[8] to the case under optical re-
injection [9]. In Sect.4, properties of the optical field
emitted from a circular aperture are analyzed based on
a model supposing the electric and magnetic current
sources. Contributions of the radiation and the near-
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Fig.1 Schematic illustration of the proposed optical detection
system using a DFB laser with a very small aperture. Emitted
light is reflected at surface of the optical disk and re-injected into
the laser. The re-injected light is detected through change of the
electrode voltages V' on the laser.
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field components are examined. In Sect.5, changes of
the electrode voltage with the optical re-injection are
numerically evaluated through the equation of the las-
ing gain, which is originally formulated with the density
matrix analysis [10],[11]. In Sect.6, overall sensitivity
of the proposed detection system is discussed.

2. Proposed System and Model of Analysis

The proposed device and detection system are schemat-
ically illustrated in Fig.1. The basis of the device is a
DFB semiconductor laser made of AlGaAs/GaAs crys-
tals with cavity length L of several hundreds pym. The
front facet of the laser is coated by AR (anti-reflection)
and metal layers. A small hole with diameter 2q is pre-
pared on the metal coating layer as an emitting aper-
ture. The laser is in operation with injection current
I. Reflected light from the surface of an optical disk
re-injects into the laser. The electrode voltage V varies
with the amount of the re-injected light.

Change of the electrode voltage originates from
variation of the quasi-Fermi-levels of the electron and
the hole in the active region. The quasi-Fermi-levels are
almost clamped at values at the lasing threshold. The
larger variation of the threshold carrier density with
the optical injection gives the higher sensitivity in the
detector.

The threshold gain level in a DFB laser sensitively
changes with the spatial phase relation ¢ of the cor-
rugated structure to the end facet [8]. We utilize this
character to increase the detection sensitivity.

The AR layer is designed to achieve no reflection
for the transmitting component from the semiconduc-
tor crystal to the free space. Thickness of the layer is
then \/4+/N,, where X is wavelength of the lasing field
and 7, is the averaged refractive index in the active
region. Therefore the boundary between the semicon-
ductor crystal and the AR layer gives reflection in re-
gions covered with the metal. The power reflectivities
between semiconductor and the AR layer and the AR
layer to the metal are put R, and R,,, respectively,
where

_ — 2
R (felVie) 0
Ng + VMg
The power reflectivity at the back facet is Ry.
A simplified model to introduce the optical injec-
tion is shown in Fig. 2. The electric reflectivities at the

back and the front facets are put as r; and ro, respec-
tively. ry is simply given as

r =Ry . (2)

On the other hand, ro is characterized not only
with R. and R,, but also the optical emission from the
emitting aperture. We assume the ratio of the trans-
verse field distribution on the aperture of the guided
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Fig.2 A method taking the optical re-injection into account
in terms of equivalent reflectivity /.
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Fig.3 Corrugation structures of DFB laser. Sensitivity of the
detection varies with the initial phase ¢. (a) Model DFB(1) has
¢ = 1.5m. (b) Model DFB(2) has ¢ = 0.57.

mode to be n;. Then we get

#\/_Jr\/_
* 1+ VR.ERm 3)

The optical injection is superposed on this r5. An
equivalent reflectivity r4 is thus defined as

7“/2 =172+ Ftotal e_j9 (4)

where I'y4¢4; is an overall power re-injection ratio includ-
ing the reflectivity at the surface of the optical disk and
the coupling coefficient into the laser such as 74, and 6
is the phase delay.

The corrugated structure is represented as varia-
tion of the refractive index n,(z) in the active region,

ng(2) = Ng + Ang cos(28pz + &) (5)

where An, is the amplitude of the variation, 28 =
27 /A is the spatial wavenumber and ¢ is the initial
phase at z = 0 which is the front facet of the semicon-
ductor crystal.

The sensitivity of the optical detection changes
with the initial phase ¢. Two representative structures
are illustrated in Fig.3. Models DFB(1) and DFB(2)
are cases with ¢ = 1.57 and ¢ = 0.57, respectively.
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3. Oscillating Condition

The oscillating condition of a DFB laser having facet
mirrors is given as solutions of the following equation
[9]

(1 — rirhe2985L)~ cosh(vL)

_ {(% —jAﬂ) (1 + rrhe=2PsL)

— j/@(r’gejd’—rlerﬁBLH‘z’)} sinh(yL)=0 (6)
with

2
-«
72 _ <gth 5 loss —]Aﬂ> + I€2 (7)
where g¢;, and oy,ss are the threshold gain level and the
loss coefficient, respectively. Ag is difference between
the wavenumber 3 of the lasing field and the spatial
wavenumber Gg of the corrugation and is defined as

AB=p—-Ps. (8)

K is the coupling coefficient between the forward and
the backward propagating waves due to the corrugation
and is defined as

B Ang
R = .

2ng

(9)

Since Eq. (6) is an equation with complex numbers,
values of both g;, — yess and AS are evaluated simul-
taneously as solutions of that equation. The oscillating
condition of a Fabry-Perot laser is also determined by
putting x = 0 in Egs. (6) and (7).

Numerical examples of the threshold gain level and
the wavenumber are shown in Fig. 4, where the coupling
coeflicient, the threshold gain level and the wavenumber
are given as normalized values to the cavity length L.
The optical re-injection is not counted in this figure.
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Fig.4 Variation of the threshold gain level with wavenumber.
The threshold gain levels for DFB(1), DFB(2) and Fabry-Perot
laser marked with O, A, and X, respectively.
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As numerical parameters, n, = 3.5, R, = 0.95
and 7, = 0.096 are assumed. In case of DFB lasers,
kL = 3 and R; = 0 are assumed. Condition of Ry =0
is suitable to optimize the detecting sensitivity. On the
other hand, Ry = 0.5 is assumed for the Fabry-Perot
laser to get almost same threshold gain level with the
DFB lasers.

The model DFB(1) gives the minimum threshold
gain level at the Bragg wavelength, A = A/2, or § = (3p.
The model DFB(2) reveals the stop band at the Bragg
wavelength and two minimum points of the threshold
gain level slightly separated from the Bragg wavelength
to the longer and the shorter wavelength sides. Results
of the Fabry-Perot laser are also plotted in the figure.

4. Field Emission and Re-Injection
4.1 Basic Equations

The emitted field from an aperture should include not
only radiation component but also near-field compo-
nent at a position close to the aperture. We also have
to determine whether the near-field component can be
reflected at the surface of the optical disk and excites
the lasing mode when the field is re-injected through
the aperture. We analyzed the field emission and the
re-injection by help of the so called equivalent cur-
rent sources. An electric current source J and a mag-
netic current source M are supposed at the boundary,
(&,1m,0), between regions (1) and (2), as illustrated in
Fig.5. Transmission of the field into region (2) is for-
mulated as excitations by these current sources by sup-
posing the full space immersed uniformly with material
of (2) as in Fig. 5(c), while reflection of the field to ma-
terial (1) is formulated in uniform material of (1) as in
Fig.5(b). The values of the electronic and the magnetic
current sources are equated with the incident, the re-
flected and the transmitted components at the bound-
ary.

By following the above mentioned procedure, we

get the transmitted, E,, Hyy, and reflected, E,.., Hyy,

(1 @ (1§ @ (2 ¢ (2
N1 N2
EI’X Et)(
S 0o IJorM Jorm{ OO~

Hry Hy

| y
(&,n,0) é)—z
X

(a) (b) (©)
Fig.5 Equivalent current sources at the boundary. An electric
current source J and a magnetic current source M are supposed
at the boundary between regions (1) and (2). (a) is the original
structure. (b) is a model for field reflection into region (1). (c)
is a model for field transmission into region (2).



834

components in integrated transformation forms from
the incident electric field F;, given as

2n 1 .
Etm(xvyaz) = MTI’IIQE//EW('&H’O) {ij

1 —jkar
n <jk2 T —> f}e dedn  (10)
T T T

€
th(x,y,z) =n2 A/ u_oEtx(xvy7Z) (11)

Er:r(x7y7z) = S ! //sz(£77770) {Jkl

1 —|—ngﬂ

7]"617’
- (m + 3) f}e dedn (12)
' ' T

% Bra(,y,2) (13)

o

Hyy(z,y,2) = —m
with

k1 = n1 wy/lo € (14)

ko = no wy/lo €0 (15)

r=(z—€?2+(y—n?+2?) (16)

Detailed processes to get these equations will be pre-
sented in somewhere by the authors.

In Egs. (10) and (12), terms with jk are the ra-
diation field components and those with 1/r are the
near-field components. Conventional equations for field
radiation are obtained by putting z = r and by neglect-
ing the term 1/r in these equations. Equations (10)
and (12) tell us that the transmission and the reflection
of the electric field are proportional to 2n;/(ny + ng)
and (n1 — n2)/(n1 + ng), respectively, even when the
near-field components are included. Also Egs. (11) and
(13) indicate that the magnetic field are combined to
the electric field through the impedance +/fi,/€,/n2 or
Vlto/€0/m1 same as the case where only the radiation
field is taken into account.

4.2 Field Emission

Optical emission from the small aperture with radius a
is calculated with Egs. (10) and (11) by supposing re-
gions (1) and (2) to be the AR coating layer and the free
space, respectively. The field distribution of E;, (&, n,0)
is assumed uniform within the aperture. The metal of
the coating is assumed to be an ideal material with
o — oo and its thickness is zero for simple calculation.
That is, absorption or scattering loss caused by wall
of the metal when the field passes through the aper-
ture is neglected here. Calculated data are shown in
Fig. 6. Vertical axes are the normalized filed intensities
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Fig.6 Intensity profile of the emitted field. The field can be

emitted even the aperture radius is much smaller than the wave-
length.

P,/P; = (na/n1) |Ewy/Eiz|?. The distances are nor-
malized with the wavelength . These figures are cases
with a/\ = 0.2 . The field can be emitted even if the
aperture radius is much smaller than the wavelength.

Variations of the field intensity with distance z
from the aperture along the longitudinal axis (zr =y =
0) are shown in Fig. 7. Solid lines are the data including
the radiation field and the near-field components. Dot-
ted lines are those by counting only the radiation field
component. The near-field exists at very close space to
the aperture but rapidly decays when separating from
the aperture.

4.3 Reflection at the Optical Disk

Several methods have been taken up as the recording
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Fig.7 Variations of the field intensity with distance z from the
aperture along the longitudinal axis (z = y = 0). Solid lines are
data including the radiation field and the near-field components.
Dotted lines are those by counting only the radiation field com-
ponent. The near-field exists at very close space to the aperture
but rapidly decays when separating from the aperture.

mechanism on the optical disk. One is to change dis-
tance £ from the laser facet to the disk. Another metod
is to change reflectivity of optical disk with change of
the material property such as in chalcogenide amor-
phous semiconductors. However, the former method
is not effective for application of the near-field, be-
cause neither the optical intensity nor the optical phase
changes with variation of £ under condition of £ < A.
Then the latter method may be the most feasible as the
recording mechanism in our system.

Reflection at the surface of the optical disk could
be calculated with Egs. (12) and (13) by putting regions
(1) and (2) as the free space and the material of the
optical disk, respectively. However, we simply assume
in this paper that power reflectivity at the optical disk is
R4 and changes to Ry(1—AR,) when data are recorded.

4.4 Re-Injection into Laser

Circular portion within radius @ on the transverse dis-
tribution of the reflected light can enter the emitting
aperture of the laser. Excitation of the lasing mode by
the re-injected field is analyzed with Eq. (10) by putting
regions (1) and (2) to be the free space and the AR
coating layer, respectively.

We should summarize here structure of the total
re-injection ratio I'tprq; introduced in Eq. (4). The total
re-injection ratio is expressed as

Ftotal = (nsnt)an Rd (17)

Here, 7, is the ratio of transverse field distribution
on the aperture in the laser which was introduced in
Sect. 2. n, is the transmission efficiency passing through
the aperture by suffering absorption or scattering loss
from the metal wall. However, n; = 1 is assumed in this
paper with assumption of zero thickness of the metal
coating for simple treatment. 7,, is the ratio of field dis-
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Fig.8 The re-injection ratio. (a) is variation for the aperture
radius. (b) is variation for the distance. The power reflectivity
of Ry = 0.57 is assumed and the change of the reflectivity ARy
is given as a parameter.

tribution on the area within radius a to the full distri-
bution after propagation along z = 2¢. R, is the power
reflectivity on the surface of the optical disk. Namely,
the returning ratio of the emitted field into the aperture
is counted as 1, Rg.

Reading of the recorded data is done with change
of the reflectivity from R4 to R4(1 — AR,). Calculated
examples of 1, Ry are shown in Fig.8. Ry = 0.57 is
assumed with the refractive index of n = 5.67 — 3.01j
as a chalcogenide amorphous semiconductor. ARy is
given as a parameter.

5. Change of the Electrode Voltage

Re-injection of the reflected light changes the threshold
gain level gy, as discussed in Sects.2 and 3. The gain
gin is given as the product of the local gain gjocq; and
the field confinement ratio £ in the active region.

9th = § Glocal (18)

The local gain gjocq; in semiconductor laser is char-
acterized with the quasi-Fermi-levels p. in the conduc-
tion band and p, in the valence band. Difference of
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these quasi-Fermi-levels is the electrode voltage V' on
the active region forming p-i-n junctions.

eV = (pe — ) (19)

The local gain is caused by electron transitions
from the conduction band to the heavy hole and the
light hole bands in the valence band and is given as

hw o0
glocal(ha}) = — & Z / |~Rcv|2
TinTa \ €o j=hi?Wq

YGevj (W) [fcj (W> - f'uj (W)}
(hw —W)2 + (h/Tin)?

AW (20)

where subscripts ¢ and v indicate the conduction band
and the valence band, respectively, j represents j = h
as the heavy hole band and j = [ as the light hole
band. J=hi indicates to sum for the heavy and light
hole bands. W is energy difference between an electron
in the conduction band and a hole in the valence band,
while W, is the band gap energy given by

W, =W, - W, (21)

R, is the dipole-moment whose value is inversely pro-
portional to W as [11]

W 2
‘Rc’u|2 = (Wg) |RO|2 (22)

Tin is the intra-band relaxation time [10]. The Fermi-
Dirac functions and the density of the state are defined
for the electron-hole pair (ambipolar or dipole) as,

1
fe; (W) = %(W_Wg)—uu—kwu (23)
1+ exp T RT
1
foi(W) = — iy (W= Wo) =, W, 249
1+ exp kT
3
1 2mem; \ 2
(W) = e W —W, 25
gcu( ) onh3 (mc+mj) g (25)

where m. and m; are the effective masses of the electron
and hole, respectively.

The Fermi-Dirac functions are characterized
through either u. or u, not with V' explicitly. Detailed
values of p. and p, are determined to satisfy the fol-
lowing neutral condition in an intrinsic semiconductor
material.

/Woo [{fch(VVv /Lc) + fvh(VV? .uv) - 1}gcvh(W)

Lot (W, pp) = 1} gent(W)] dW = 0 (26)

The variation of the local gain gjocq; With voltage
V' is calculated as follows : First, we set the electrode
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Fig.9 Variation of the local gain with the electrode voltage in
GaAs lasers.

voltage V of Eq. (19). Second, we determine the quasi-
Felmi-levels p. and p, to satisfy Eq. (26) by performing
the numerical integration. Third, we calculate the local
gain gjocql(hw) by performing the numerical integration
for various values of Aw in Eq. (20). Finally, the peak
value of gocq for variation of Aw is determined. Thus,
we obtain Fig.9 as the characteristic relation between
the local gain and the electrode voltage.

A GaAs crystal is assumed as the active region
with numerical parameters of W, = 1.445eV, m. =
0.08 mg, mp = 0.5mqg, m; = 0.11myg, ng = 3.5, Tin =
1 x 1075, [Rp|? = 2.77 x 10757C?m? and T = 298 K.

6. Overall Sensitivity

The threshold gain level is reduced with the re-injection
of the optical field. The voltage change AV is defined as
the difference between the electrode voltage under the
optical re-injection and that at no optical re-injection.
This change does not relate directly to the value of the
injection current [ if the laser is in oscillation with con-
dition of I > Iy,. If ohmic loss for the current injection
exists, the voltage change will be obstructed. We ignore
the ohmic loss in this paper as an ideal case.

Dependencies of the voltage change on the re-
injection ratio are shown in Fig.10. The model of
DFB(1) reveals the largest change of the electrode volt-
age. Dependencies on the initial phase ¢ of the corru-
gated structure are given in Fig.11. As found in these
figures, the voltage change becomes largest in the model
of DFB(1), where the initial phase is ¢ = 1.57 and
wavelength of lasing mode coincides with the Bragg
wavelength that corresponds to the lowest threshold
gain level. While the case of ¢ = 0.57 or 2.57 can not
give sufficient voltage change represented as the model
of DFB(2).

Both amplitude and phase relations between re-
flected component by the corrugated structure and that
by the end facet critically affect the threshold gain level
in the DFB laser. The re-injection of the optical field
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The models DFB(1) and DFB(2) are ¢ = 1.57 and ¢ = 0.5,
respectively.

works to change the effective reflectivity of the end facet
as given by Eq. (4).

Then, variation of the threshold gain level on the
effective reflectivity becomes more sensitive in the DFB
laser than in the Fabry-Perot laser if the phase relation
between reflection by the corrugation structure and the
end facet is suitably set. The coupling coefficient x
becomes larger, the larger variation of the threshold
gain level is obtained. Of course, accurate fabrication
will be required to set the spatial initial phase ¢ exactly.

Dependencies of the voltage change on the aper-
ture radius a and the distance £ to the optical disk are
shown in Fig. 12. In this figure, the voltage change AV
is defined as the voltage difference between operation
with reflectivity Ry and that with Rg(1 — ARy) . The
case ARy = 100% corresponds to the voltage change
between operation under the re-injection with R4 and
that without re-injection. Ranges 0 < ¢ < A/4 and
A/2 < £ < 3)\/4 have in-phase relation of the emitted
field to the re-injected field. Ranges A/4 < ¢ < \/2 and
3A/4 < ¢ < X have a counter phase.

If we require 1mV of the voltage change as the
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Fig.12 Voltage change as function of the reflectivity change.

(a) is dependence with the aperture radius. (b) is dependence
with the distance to the optical disk.

optical detection, aperture radius of a = 0.15\, distance
of £ = 0.1\ and variation of reflectivity of ARy = 20%
should be prepared.

7. Conclusions

An optical detection system using a DFB laser with
a very small aperture is proposed and its operation is
theoretically analyzed. The optical detection is done
by detecting the change of the electrode voltage on the
laser. The optical emission and re-injection through the
very small aperture are analyzed. A DFB laser which
oscillates with the Bragg wavelength gives sensitivity
almost six times higher than the Fabry-Perot type laser.
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