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A Tunable Laser Diode With a Photothermally Driven
Integrated Cantilever and Related Properties

Hiroo Ukita

Abstract—This paper proposes a photothermally driven tun-
able laser diode (LD). We demonstrate a micromechanically tun-
able structure using an edge-emitting LD, a trial fabrication for
a monolithic integration with a cantilever and LDs, an enhanced
design for widening the wavelength tuning range, and wavelength
variation experiments. We describe the design of an antireflection
layer and a bimorph layer structure cantilever and expect the de-
flection to exceed half a wavelength by the temperature increase of
100 °C. We also confirm a 23-nm wavelength variation by changing
the external-cavity length of the LD, which features an antireflec-
tion coating on the LD facet facing the external mirror.

Index Terms—III-V compounds, antireflection coating, bimorph
structure, external-cavity length, gallium arsenide (GaAs), indium
phosphide (InP), integrated systems, monolithic integration, op-
tical microelectromechanical systems (MEMS), photothermal ef-
fect, thermal strain, tunable laser diode (LD), wavelength tuning.

1. INTRODUCTION

XTREMELY-SHORT external-cavity laser diodes (ESEC

LDs) have been demonstrated for monitoring the reflec-
tivity or displacement in micromechanical photonic devices [1].
Optical disk bits are read out in the near field from the difference
in medium reflectivity with an antireflection-coated LD and a
photodiode (PD) [2].

Tunable LDs can also be demonstrated in an ESEC configura-
tion. They include desirable properties for optical communica-
tion, optical data storage, spectroscopy, and a variety of sensing
and measuring systems. A vertical cavity surface-emitting LD
(VCSEL) or a light-emitting diode (LED) with a micromechan-
ical reflector can be used for tuned devices [3], [4]. The struc-
ture is designed to have an air gap of about a wavelength. When
a voltage is applied to the membrane reflector, the electrostatic
force reduces the air gap, which in turn reduces the wavelength.
An edge-emitting LD is also available for micromechanically
tunable lasers [5].

In this paper, we have produced a trial fabrication of the semi-
conductor micro-cantilever (MC) and LDs on a gallium arsenide
(GaAs) substrate. The MC (110 pm long) was driven by the light
from the integrated LD with a mechanical resonant frequency of
200.6 kHz.

We have also designed the MC structure to widen its deflec-
tion to greater than half a wavelength, which is required for the
tunable LD at off-resonant frequencies. Furthermore, we have
derived an analytical model for a five-layer MC to predict the
deflection that occurs due to temperature increase caused by the
light from the LD integrated opposite to the tunable LD.
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Fig. 1. Structure of a tunable LD, LD1 with an MC driven photothermally by
an LD, LD2. The LDI, LD2, and MC are integrated on a GaAs substrate by
surface micromachining techniques.

The laser wavelength of the LD can be easily changed by
varying the external-cavity length. However, the wavelength
variation mechanism for such ESEC LDs has not been clarified
till now [6], partly because of the lack of experimental data
on the parameters of the external-cavity length, the LD facet
reflectivity facing the external mirror, the external mirror
reflectivity, and the LD drive current. We experimentally mea-
sured and analyzed the effect of the feedback light for various
coupled conditions using the LD attached to a flying slider.

In Section II, we have the structure, manufacturing method,
and basic characteristics of the proposed device. In Section III,
we have the cantilever design for widening the wavelength
tuning range. In Section VI, we have the basic wavelength
characteristics of an ESEC LD with a separate ESEC LD setup.

II. PROPOSED DEVICE

One advantage of the optical method in an integrated system
is that it is not affected by electromagnetic interference; this
factor is especially critical for highly integrated devices. An ear-
lier disadvantage was that the optical technique required lens
and fiber systems to guide the light to a PD or a moving mech-
anism, although recent micromachining technology has made it
easy to eliminate these lens and fiber systems, leading to the in-
tegration of optics, mechanics and electronics.

A. Structure

Fig. 1 shows the structure of a tunable LD, LD1, with an MC
driven photothermally by an LD, LD2. The light emitted from
LD2 onto the side wall of the MC is partially absorbed, heating
the MC and producing the bending moment. At mechanical res-
onant frequency, the MC is excited easily due to the thermal
stress caused by a pulsed laser beam from LD2. This horizontal
vibration varies the external cavity length between the MC wall
and the LD1 facet, and there is so little incident light from LD1
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/ Micro-cantilever (MC)

Laser diode (LD2)

Fig. 2. Photograph of the central part of the tunable LD shown in Fig. 1.
The released GaAs—AlGaAs MC was fabricated by undercutting the sacrificial
GaAs. The MC length, width and thickness are 110, 3, and 5 gm and the
distances from the facet of LD1 to the side wall of the MC and LD2 to MC are
3.0 and 30 pm, respectively.

that it has no effect on the MC vibration. The variation of the
external cavity length causes the wavelength shift of the LD1.

B. Manufacturing Method

An MC and the LDs were fabricated on a GaAs substrate
as shown in Fig. 1. The following are three micromachining
processes in fabricating the MC.

1) An etch-stop layer of AlGaAs is formed in the LD
structures prepared by metalorganic vapor phase epitaxy
(MOVPE).

2) The microstructure shape is precisely defined by a re-
active dry-etching technique, which can simultaneously
form the vertical etched mirror facets for LDs.

3) A wet-etch window is made with photoresist and the MC
is undercut by selective etching to leave the MC freely
suspended [7].

These processes are compatible with laser fabrication, so an
MC structure can be fabricated at the same time as a LD struc-
ture. Furthermore, because a single crystal epitaxial layer car-
ries little residual stress, precise microstructures can be obtained
without significant deformation. Fig. 2 shows the main parts of
the tunable LD. The hole for wet etching is visible under the
MC between LD1 and LD2.

Monolithic integration of optics and micromechanics is pos-
sible not only on a GaAs [7] substrate, but also on an indium
phosphide (InP) one [8], [9]. A smooth, etched surface and a
deep vertical sidewall are necessary for good lasing character-
istics of both types of semiconductor microstructures.

C. Basic Characteristics

An LD1, an MC, and an LD2 exciting an MC are integrated
on an area of 400 x 700 ym. The MC was either 110- or 50-m
length, 3 pm wide, 5 pm high. The shorter the MC-LD2 dis-
tance, the higher the photothermal conversion efficiency be-
comes. The LD2’s threshold current was 46 mA.

To measure the resonant MC properties, LD2 was lased
with the drive current from a functional generator. When the
current frequency coincided with the MC mechanical resonant
frequency, the amplitude of the power oscillations of the light
emitted by LDI1 exhibited a maximum. The signal can be
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Fig. 3. Mechanical resonant frequency and frequency spectra of the MC

integrated with LDs.

Fig.4. LDl light output due to the deflection of the MC caused by the absorbed
light from the LD2.

obtained by the interference between the LD1 output light
and its reflected light from the MC sidewall. Fig. 3 shows
mechanical resonant frequency and frequency spectra of the
MC. The resonances of the MC for lengths of 110 and 50 pum
were 200.6 kHz and 1.006 MHz, respectively.

The signal-to-noise ratio is high (45 dB) due to the lack of
mode hop noise owing to the extremely-short (3 ;/m) external
cavity configuration. Fig. 4 shows that the signal amplitude in-
creases as the LD2 light power increases, but an inversion ap-
pears in the signal when the MC vibration amplitude becomes
greater than A/4. The light output varies with a period of \/2
as the function of the amplitude of the MC deflection at the me-
chanical resonant frequency, while the wavelength also varies
as the function of the amplitude of the MC deflection.

In a micromechanically tunable LD, the moving part (MC)
was integrated with an edge-emitting LD. By varying the ex-
ternal cavity length (MC deflection), the laser wavelength can
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Fig. 5. Schematic drawing of a five-layer MC.

be easily changed. A change of \/2 in the external cavity length
completes one wavelength tuning cycle in the periodic tuning
pattern. Therefore, the MC must move more than A/2 even at
off-resonant frequencies. Next, we will design the MC struc-
ture to satisfy photothermal deflection of greater than half a
wavelength.

III. ENLARGEMENT OF THE MC DEFLECTION AT
OFF-RESONANT FREQUENCY

GaAs and InP are attractive LD materials for integrating op-
tical and mechanical structures that eliminate the need for op-
tical alignment. When increasing the MC deflection by the tem-
perature increase resulting from the LD light, it is necessary to
control the high light absorption rate and the thermal coefficient
of expansion of the mismatch sandwiched components. Fig. 5
shows a schematic drawing of a five-layer MC that contains pre-
viously mentioned antireflection films and bimorph films.

A. Antirefrection Films

The coefficients 74; and ¢;; associated with the reflection and
transmission at ¢ and j interfaces are given by the Fresnel for-
mula. The formula for 745, and #;;, for the jth film sandwiched
by ¢th and kth films, are given as follows [10]:

Tij + ’I“jke_izﬂf
1+ ’I“ijTjke_i?’Hj
tijtjke_ﬂﬁj
L+ ryyrjke=205
where the perpendicularly incident light phase shift in the jth
film is #j = 2wd;Nj/A, Nj is the complex refractive index, d;
is the thickness. Therefore, the total » and ¢ for antireflection

films composed of O (air), 1 (Au), 2 (SizNy) and 3 (thick Au),
are given as

ey

Tijk =

2)

tyx =

To12 + 21793e” 202

r= - 3
1 — ro1grage 20 ©)
toiatoze 122
¢ — _ foiates : @)
1 — ro1rage 1202
z1 = to12t210 — T0127210- @)

Consequently, the total energy reflectivity IR and total energy
transmission 7' are given as:

R=nrr* (6)

N3 .

T = N, . @)
Fig. 6 shows the total absorption A (=1 — R—T') and the total
reflectivity R of Au®-SizN{"-Au® versus the Au® thick-
ness at the optimal SigNEll) thickness of 223 nm for the wave-
length of (a) 0.83 psm and 366 nm for (b) 1.3 pm. An absorption
rate greater than 98% can be attained for both cases. Resulting
thicknesses of the five-layer materials are shown in Table I and

the properties of the materials are shown in Table II.

B. Five-Layer MC Deflection

The five-layer MC deflection, caused by the thermal stress
due to the absorption of the LD light, is analyzed for GaAs and
InP by developing the bimetal deflection model [11]. The MC
(Fig. 5) is composed of five layers of thickness 1,2, t3, 4,15,
thermal expansion coefficients of «ay, as, a3, a4, as, Young’s
moduli of E1, Es, E3, Ey, E5, a length of [/, and a width of b.
Temperature distribution within the MC is assumed to be uni-
form and the temperature change from room temperature to be
AT.

Fig. 7 shows the deflection of the MC and internal thermal
stress due to temperature change. The internal stresses over the
cross-section of material 7 can be reduced to a tensile force P;
and couple moment M. Since the internal forces and moments
over any cross-section of the MC must be in equilibrium, then

Pi+P,+P3+P,—Ps=0 (8)
E T FEsI. FEsl. ) FEsIs

1h | Eoly | Esly | Euls | Esls

T1 T2 T3 T4 s

— hiPy — hoPy — hyPs — hyPy — hsPs =0 (9)

where M; = E;I; /i, (I; = btf’/lZ) is the moment of inertia,
r; is the radius of curvature of the sth layer of the MC, h; is the
distance between the central plane and +th center plane. The cen-
tral plane exists between fourth and fifth center plane because
of t1,ta,t3,t4 < t5 and hy + hs = (t4 + t5)/2,h3 + hy =
(ts+2ta+15)/2,ho+hs = (ta+2t3+2t4+1t5)/2,h1 +hs =
(tl + 2to + 2t3 + 2t4 + t5)/2.

At the interface between the two layers, the normal strain of
the materials must be the same. Therefore,

AT — b]flltl _ 2’5_7}1 AT - bgjtz + ;722 (10)
AT — bgju - ;744 — asAT + bgj% + ;755 (13)

Here, ry = ro = r3 = ry = r5 = r (very thin compared to
beam length [) and we derive the curvature k¥ = 1/r by elim-
inating Pl,Pg,Pg,P4,P5,h1 = hy = h3 = hs = hs and all
equations from (8) to (13). Note that the deflection d at the free
end of the MC from the curvature k is [12]

kl?

d=— 14
5 (14)
for1 < r.
Finally, tip deflection of the MC by thermal strain due to the

mismatch between the thermal coefficient of the expansion is

i=2

s (1)
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Fig. 6. Total absorption A and reflectivity 2 of Au-SizN4—Au versus the Au thickness at the optimum Siz N, thickness for wavelengths of (a) 0.83 and (b) 1.3 pzm.
TABLE I
DESIGNED MC WITH ANTIREFLECTION AND BIMORPH STRUCTURES
Semiconductor GaAs InP
Wavelength (nm) 830 1300
Au) 26 16
Si;N,(» 223 366
Thickness Au® 100 100
(nm)
Si;N,® 100 100
Semiconductor 2000 2000
Optical absorption (%) 99 98
Deflection ( nm,100 °C) 486 767
M2 (nm, for reference) 415 650
TABLE 1I
PROPERTIES OF MATERIALS USED IN FIVE-LAYERED MC
Materials Thermal Young's Refractive Refractive
expansion modulus E index index
coefficient & 1010N/m? (830 nm) (1300 nm)
106K (300K)
Au 14.2 7.9 0.188+15.39 0.403+i8.25
SN, 0.8 0.52 1.5+10 1.5+i0
GaAs 6.86 8.53 3.67+i0.08 -
InP 4.5 6.07 - 3.205+10

where
A = 3ATIP[EyEstity(an — an)(ty + t2)
+ E1Estits(or — ag)(ty + 2t2 + t3)
+ E1Egtita(ar — ag)(t1 + 2to + 2t3 + t4)
+ E1Estits(an — as)(t1 + 262 + 2t3 + 2t + t5)
+ Bz Estots(az — az)(t2 + t3)
( )
( 5)(

+ E3Eatsta(as — aq)(ts +t4)
+ E3Eststs(as — as)(ts + 2ta + t5)
+ B Estats(cy — as)(ts + t5)]
B = 3 [E1Eatity(t + t2)” + E1Estits(ty + 2ts + t3)°
+ E1Egtity(ty + 2ty + 2t3 + t4)?
+ E1Estits(ty + 2to + 2t3 + 2ty + 15)?
+ EoEstots(ty + t3)% + EyEytoty(ty + 2ts + t4)>
+ By Estots(ta + 2t3 + 2ty + t5)> + E3FEatata(ts +t4)?

+ E2E4t2t4 g — ¥y fQ + 2t3 + t4)

+ E5Exstots(an — ag)(ta + 2t3 + 2t4 + t5)
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Fig. 7. Deflection of the MC and internal thermal stress due to temperature
change.
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Fig. 8. Deflection of bimorph MCs for AT = 100 °C with antireflection

coating, Au(®) as a parameter.

+ EsEststs(ts + 2ty + t5)° + EyEstyts(ty + t5)°
+ (Eltl + Esty + Ests + Eyty + E5t5)
x (Evt] + Eot3 + Est3 + Egt + Est?)].

Fig. 8 shows the deflection of a five-layer MC with the an-
tireflection films and the bimorph films versus Au(?) thickness,
and the semiconductor material as parameters. It can be seen that
the deflection greater than /2 is possible when Au(®) is thicker
than 81 nm for GaAs (A = 0.83 pm) and thicker than 78 nm for
InP (A = 1.3 pm) LDs. The resulting final five-layer MC design
with antireflection and bimorph structures for A7 = 100 °C is
summarized in Table 1.

IV. WAVELENGTH V ARIATION

Some studies have reported on the wavelength variation for
such short-external-cavity LDs based on butt coupling into an
optical fiber [6]. However, it was difficult in practice to align the
light beam with micrometer-level accuracy. One possible solu-
tion is automatic alignment using an air bearing slider. In order
to measure the wavelength variation due to the feedback light
from the MC under various conditions, we used a semitrans-
parent optical disk mirror and an LD attached on a flying slider.

A. Measurement Method

Fig. 9 illustrates the experimental setup for monitoring the
wavelength-related behavior of the LD by the integrated PD,
both of which are attached to a flying slider. The InGaAsP-InP
LD is isolated from the PD by reactive ion beam etching. The

Flying slider LD-PD
\ h Lex! External cavity
§> Lex? f Le

|/Opt|cal disk

]

Rotation direction

Optical
spectrum analyzer

<— Optical fiber

Fig. 9. Setup for the measurement of the wavelength tuning based on ESEC
LD attached to an air-bearing slider that flies by air resistance due to disk
rotation.
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Fig. 10. Representation of the ESEC LD system and its /-L characteristics,
external mirror reflectivity R5 as a parameter.

space between LD and PD is about 5 sm and the monitor current
sensitivity is 0.1 mA/mW.

Automatic and stable alignment is accomplished by the air
bearing, which maintains a spacing L, from submicrometer to
several micrometers, depending on the disk velocity. The ex-
ternal cavity length Leyx (=L2, + LZ,) formed is 2.5 to 4.5 pms
long in this experiment, where L2, is a flying height depending
on the disk velocity and L_ is a distance between the LD facet
and slider surface.

The light transmitted through the semitransparent optical disk
is directed an optical spectrum analyzer through an optical fiber
placed opposite to the LD-PD. The laser spectrum is observed
with an optical spectrum analyzer with a resolution of 0.1 nm.

The LD coupled with an optical disk forms the same configu-
ration as that of the tunable LD as shown in Fig. 10(a). The laser
power variation is monitored by the PD integrated with the LD.
Optical feedback is varied by the external cavity length L.y de-
pending on the disk rotation rate, the reflectivity of LD facet
facing the optical disk, and the disk reflectivity itself. In the fol-
lowing, the LD facet reflectivity R; is 0.32 (cleaved facet), R, is
0.01 (antireflection coating), and disk reflectivities R3 are 0.04
and 0.26.

B. ESEC LD Characteristics

Dependence of lasing characteristics on external-cavity
length is described in various parameters: the LD facet reflec-
tivity Ry facing the PD, the LD facet reflectivity Ro facing
the external mirror, the external mirror reflectivity R3, and the
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LD drive current. The external-cavity length L., also affects
the coupling coefficient  which is defined by (16) as the ratio
between the feedback light power to the original emitted light
power, where Gaussian beam waists (1/e?) at the LD facet are
Wz and wyo and z = 2Ley

‘fff‘;o E.Ey dx dy‘z
- fffooo |E.|? dx dyfffooo |Eo|? dz dy
e )]
= — . (6
{2+ (28) H e+ (22))

Effective reflectivity 7S5 has been successfully introduced as
(17) to assist understanding of the external-cavity LD lasing
characteristics by replacing the LD facet reflectivity r» facing
the external mirror

o off offt  T5+a®r} + 2arars cos(282 Ley)

Ry =ry'ry = 5 55

1+ a?rirs + 2arqrs cos(202 Lex)
where N; is the refractive index of the internal cavity
(LD medium), N, is that of the external cavity (air),
r1 = VRi,r2» = Ras,r3 = —\/R3 are the amplitude
reflectivities, 3;2mN; /A is the propagation constant, a(=,/7)
is the amplitude coupling coefficient for the external-cavity
length L. For a typical LD, Gaussian beam waists (1/¢?) are
1.3 pm and 2.54 ;m, dependence of effective reflectivity S
on external-cavity length Ly is calculated using (16) and (17),
as shown in Fig. 11. It is clear from the figure that 75 changes
every half wavelength (\/2).

We experimentally analyzed how the parameters of the cou-
pling system affect the ESEC LD operation. The light output
power coupled to the external mirror depends not only on the
ESEC length L., but also on the effective reflectivity rgff, i.e.,
reflectivities of the laser facet 71,79, and that of the external
mirror r3. Light output versus drive current (/-L characteristics)
with an external mirror, constructive in phase, is presented in
Fig. 10(b), with r; = 0.32,7, = 0.01, and r3 as parameters
(r3 = 0.04,0.26). The threshold current of the ESEC LD with
feedback light is reduced according to rgff, i.e., by n,ro, and rs.

The wavelength also depends not only on the effective re-
flectivity 75®, but also on the external-cavity length L. Wave-
length tuning and the spectral behavior due to the light feedback
is shown in Fig. 12 for an antireflection-coated LD where the
drive current (normalized by the threshold current) I /Iy, = 1.6,
reflectivities 71 = 0.32,r, = 0.01, and r3 = 0.26. The non-
linear and A/2 periodic variation with the external-cavity length

a7

1295
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T 1200} .
E 1O L m . -
g’ 1285 | ® *
T’ el .
> . .
2 12800 -
1275 L° L ) . .
25 30 35 40 45

External cavity length (um)

Fig. 12. Dependence of wavelength on external-cavity length L., the LD
facet reflectivities Ry = 0.32, R, = 0.01, the external mirror reflectivity
R; = 0.26, where drive current /T, = 1.6.
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Fig. 13.  Spectra at (a) and (b) in Fig. 12.

is known to be caused both by the composite mode selection and
the gain spectrum variation due to the light feedback. It can be
seen from Fig. 12 that wavelength shift varied every A/2, and
the total tuning range was 23 nm around 1300 nm, achieved by
applying an antireflection coating film on the LD facet facing
the external mirror. The spectral structure of the tuned light is
shown in Fig. 13(a) and (b), which shows the single modes tuned
for the antireflection-coated LD. These results are like those of
[6], but details will be published in a separate paper soon.
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V. CONCLUSION

We produced a trial fabrication of a semiconductor MC, edge-
emitting LDs on the surface of a GaAs substrate. The MC was
shaped by reactive dry-etching and undercut by selective wet-
etching, making it free to vibrate. The MC was 3 pm wide,
5 pm high, and either 110 or 50 m long and driven photother-
mally with the mechanical resonant frequencies of 200.6 kHz
or 1.006 MHz, respectively. The wavelength varies according
to the MC deflection.

We designed a five-layer MC for a GaAs and an InP substrate
to widen the wavelength variation of the LD at off-resonant
frequencies. In the case of the GaAs, the designed MC con-
sists of a 26-nm gold layer/223-nm SizNy dielectric antireflec-
tion layer/100-nm gold layer/100-nm Si3N, dielectric bimorph
layer, and a 2-pm-thick GaAs layer. We expect that the MC
tip deflection is greatly enhanced to exceed half a wavelength,
which is required for a tunable LD.

Finally, we experimentally analyzed how the parameters of
the coupling system affect the ESEC LD operation by using a
rotating optical disk and an LD attached to a flying slider. The
parameters included the reflectivities of the LD facets, the re-
flectivity of the external mirror, and the LD drive current. We
confirmed a 23-nm tuning range around a wavelength of 1.3 ym
by changing the external-cavity length for the LD with an antire-
flection coating on the facet facing the external mirror.

From these results, we believe that by employing the MC
design and the fabrication method described earlier, a photo-
thermally driven micromechanical tunable LD will be available
in the future.
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