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Abstract—This paper presents a preliminary guide to realize and the quantum reversible process of spontaneous emission,
microcavity semiconductor lasers exhibiting spontaneous emis- j.e., Rabi oscillation. As for the first reason, much effort
sion control effects. Itincludes: 1) theoretical consideration onthe has been made toward the development of vertical-cavity
effects; 2) processing technigues for semiconductor microcavities; surface-emitting lasers (VCSEL's) for light sources in optical
and 3) some demonstrations of photonic crystal and microdisk . M .
cavity. It was shown that, even with a spectral broadening of Intérconnect and fiber communication systems. This paper
electron transition, thresholdless lasing operation and alternation focuses on microcavities for the latter two reasons, which have
of spontaneous emission rate are expected in a cavity satisfyingbeen discussed as research issues of “spontaneous emission
the single mode condition that only one mode is allowed in the control.”
transition spectrum. An ideal three-dimensional (3-D) photonic  The history of this concept has started from the suggestion
crystal has the potentiality for realizing this condition. In two- by Purcell [1] and progressed through quantum theoretical
dimensional (2-D) crystals and microdisk cavities, thresholdless . . - .
operation is also expected, but the alternation of spontaneous conS|c_ierat|on fqr electron af_“_’ photon !nteractlon [2] and
emission rate may be negligible due to the insufficient optical €XPeriments using metal cavities and micrometer/millimeter
confinement. In the experiment, some processing techniques for waves [3]-[5]. After 1980, some authors have moved their
GalnAsP-InP system were investigated and methane-based reac-targets to lightwave frequencies, and reported a consideration
tive ion beam etching was selected because of the smooth sidewalln closed cavity light emitters [6], proposal of photonic crys-
and adaptability to arbitrary structures. A GalnAsP—InP 2-D tals [7]-[9], and some observations of spontaneous emission

photonic crystal constructed by submicron columns was fabri- . . . . . . .
cated using this method. Owing to the slow surface recombination control in dielectric planar microcavities with dye solution

of this material, a polarized photoluminescence and peculiar [10], [11]. Just after the success of VCSEL's [12]-{14], which
transmission spectra were observed at room temperature (RT), have opened the possibility of semiconductor microcavities,
which can be explained by a photonic band calculation. However, some effects of spontaneous emission control in a VCSEL-type
some technical improvement is necessary for clear demonstration planar microcavity have been clearly demonstrated using a
of F:.hOttc.’”'C tl)andg?p, tV\tlhlfhh 1S ”(;'”I'”Aa'g’ Ireguwed gc_)rkdewgie narrow transition spectrum from excitons in quantum-wells at
T o ook 0. low temperature [15], [16]. The ntersty and radiation patten
2.5 times the single-mode condition, has achieved RT lasing with Of SPontaneous emission were strongly modulated using on
threshold current as low as 0.2 mA. Further reduction of dameter and off resonant conditions of the cavity. Various theoretical
and realization of continuous-wave (CW) operation will provide and experimental studies have followed the demonstration,
a significant regime for the observation of spontaneous emission j.e., rate equation analyzes of general characteristics of mi-
control effects. crocavity lasers [16]-[20], quantum treatment for modes in
Index Terms—GalnAsP—-InP, microcavity, microdisk, photonic ~ microcavities [21], estimation of spontaneous emission factor
crystals, spontaneous emission control, semiconductor laser. and spontaneous emission rate in air-post VCSEL's [22], [23],
discussion on photon recycling effect [24]-[26], observations
of spontaneous emission control at room temperature [27], [28]
I. INTRODUCTION S . . -5
and Rabi splitting [29] in VCSEL-type planar microcavities,
MICONDUCTOR microcavities have been attractingghoto-pumped lasing in a submicron-diameter air-post VCSEL
ttention in these ten years because of the followirgo], low threshold electrically-pumped lasing in microdisk
reasons: 1) possibility of ultra-small lasers with low powelasers [31], [32], and trial fabrications of semiconductor pho-
consumption suitable for large scale integration; 2) potentialinic crystal for lightwave frequencies [33]-[36]. Thus, the
of thresholdless lasing operation owing to the high efﬁCien%ncept has become one of the major topics in both physics
coupling of spontaneous emission into one lasing mode; anda)d optoelectronics [37]. In spite of this situation, however,
physical interest for the strong coupling of electron and phot@i effectiveness in actual lasers is still not clear. First of
states resulting in the alternation of spontaneous emission rafe it is due to the following essential problem. Most of the
Manuscript received April 25, 1997. This work was supported in part eculiar eﬁeCFS of _spontaneous em|SS|_on control ar_e predlc_:ted
the Support Center for Advanced Telecommunications, in part by Ozawa @94 Presupposing single electron and single photon interaction.
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cavities with weak optical confinement. Careful consideratiachieves electrically pumped lasing operation with present
for these complications is necessary for quantitative discussiechnologies. Ultralow-threshold lasing characteristics in very
of expected effects. small devices fabricated in this study will be presented. The
There also exist problems for semiconductor materials agthtus of this result for spontaneous emission control and
fabrication techniques of cavity structures. Typical materialgtimate performance are discussed.
so far employed for microcavities are Ga(ln)As—AlGaAs and
GalnAsP-InP systems, which have been widely studied for 1.
various applications of optical technologies. Advantages of
Ga(ln)As—-AlGaAs are relatively easy realization of lasing ) ] . ) )
operation in any cavities owing to the large optical gain, easy-8t me consider a semiconductor active region put in a
fabrication of fine structures by fully established dry etching@Vity surrounded by perfectly conductive walls. When the
techniques such as chlorine-based reactive ion beam etcHi@§ity is large enough, many modes distribute continuously
(RIBE) [38], chemically assisted ion beam etching (CAIBEQVE the frequency space. The net stimulated emission rate
[39], etc., and easy evaluation of the effects by highly sensiti¢ést fOr @ laser mode and average spontaneous emission rate
detectors and imaging equipments available for wavelengw for all modes are given by (see Appendix A)
shorter than 1um. However, this material system has a

SPONTANEOUS EMISSION
CONTROL IN IDEAL MICROCAVITY

WCQGQLL(QleFst

problem of large surface recombination, which seriously de- Ry =I'S 32 1)
grades the internal quantum efficiency of microcavity lasers ) 5 3 a0

having relatively large surface area for their volume [30]. R — CHWs et @)
Nevertheless, a large refractive index differedee (or index P 3ncdeg

ratio) between semiconductor and air (or another low indem Iis th tical f t factor int . .
material) is crucial to realize strong optical confinement wit erel 1S the optical confinement factor into active region,

high quality factor@ in microcavities. For this reason, the0 tgie c‘))lgort:gr:g:ts'tyaor:cciase{h':c;em’sort]gitaf\grigeen?mg]l'ﬁ:ggr
research described in this paper has concentrated on m|crocm\c/)-dg and the cenidelr fre CLjsenc of electron trgnsitio)rq spectrum
ities based on GalnAsP-InP system. It is known that surface : €q y sition sp '

o ) : .. respectively F;; the gain spectruny, the refractive index of
recombination of this system is one to two orders of magnitude_: . L

active regionn.r the average effective index of modes and

slower than that of Ga(In)As—AlGaAs. However, there hay, . : o

o ; . .~ the vacuum velocity of light. Spontaneous emission rate can
been a limited number of reports on microcavity fabrication A

e changed by the effective indexg [40].

this system. In contrast to that for Ga(In)As—AlGaAs, fine dry Next, let me consider a microcavity with volunié., in

etching t_echniqugs for thig system are sl qnc_jer deve!opin%hich cavity modes distribute discretely. In such a cavity, (1)
The aim of this paper is to show a preliminary guide % still valid, while (2) is changed. If the electron transition

realize se'migonductor microcavity Igs_ers exh!biting SPONt@ e ctrum is approximated by Lorentzian function with full-
neous emission control effects beneficial to their performance v ot haift-maximum (FWHM) ofAw,, semi-single mode

In _Sect|on I, some S|mp_le expressions fo_r the effects a%ndition that only one mode with degenerate two polariza-
derived with an ideal cavity model, which indicate that th

_ ) . flons is allowed inside the spectrum is expressed as
thresholdless lasing operation and alternation of spontaneous

emission rate are possible even with a spectral broadening of { A,

(3)

electron transition, if the cavity is so small as to satisfy the
single mode condition that only one cavity mode overlaps with

the transition spectrum. Such a small cavity is equivalentJ,yhereﬂe is the equivalent index of the mod&, = 2rc/w,
realized as the volume of a strongly confined mode fielg,q AA;})\S = Aw,/w,. The left side of (3) is the cutoff

in actual microcavities. Microcavity structures are roughlysndition of cavity.R,, in such a cavity is then (see Appendix
categorized into photonic crystals and whispering galler

mode cavities. Both of them have three-dimensional (3-D)
complicated shapes and need some anisotropic etching or self-
organization techniques for their fabrications. In Section lll,
characteristics of four etching techniques are described and
their capabilities for microcavity fabrication are discussed. mwherel',. is the relative confinement factor. Now,is defined
Section 1V, the possibility of spontaneous emission contrés the ratio of spontaneous emission rate in a cavity to that
in photonic crystals is discussed with the simple treatment i6fa bulk semiconductor with index of..;. By comparing (4)
modes, and it will be concluded that almost single-mode condiiith (2),
tion can be realized in higher dimensional crystals with a wide

3 )\4
<V < —Ts
QHeJ - = 27r2ng’qA)\S

2me? 3wl Awy /2
3eon2, Ve ml(ws —wi)? + (Aw,/2)?]

R, = (4)

3
photonic bandgap. Design and fabrication were performed = Tteq &
for two-dimensional (2-D) crystals constructed by submicron et N Vew? Aw,
columns to obtain some elementary results, although they _ Teq Al 5
are still too difficult technically to apply to lasers. A pho- T et W ()

tonic bandgap of the columns was observed by an equivalent

transmission measurement. In Section V, those for whisperimpere w; = w, was assumed. If the mode suffers losses, it
gallery mode cavities are described. The discussion will Is&ould be characterized by a normalized spectrum function
concentrated on microdisk cavities, since this type easilith broadeningAw;. Even under such condition, however,
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(5) is still valid whenAw; < Aw;. For Aw; > Aw;, Aw, 100
in (5) is replaced byAw,; and

_ Teg 47,8 _ Teg F,,)\g’Q
Neet Mo VewW2Awp  mper 27203 Ve

T T TTTTIT

() 10

T T

where Q = w;/Aw;. It is seen from (5) and (6) thay

is dominated by a wider spectrum. Equation (5) is used

for transition spectra of semiconductor at room temperature,

which is much broader than resonant spectra of a Kigh

microcavity. On the other hand, (6) should be used for narrow

transition spectra from excitons at low temperature. If the 0.1

degenerate polarizations are split in an asymmetric cavity and

only resonant frequency for one polarization is tuned to the

transition spectrum, the right side of (4)—(6) is decreased by 001 Lt

factor 1/2. 001 0.1
Spontaneous emission factor [22], [23], [41] is defined

as the ratio of spontaneous emission rate for one mode to that

for all the modes. From (2) and (4),

yand C

T T T

T T T

Normalized Cavity Volume y= VC(

MR
2 gy )

Fig. 1. Alternation ratio of spontaneous emission rat@and spontaneous
47,3 .\ emission factoiC' calculated with normalized cavity volunié.
7l pC T g

= = - (7)
3 2 2,3

negVewiAws  2mnd VoA, threshold currently;, is given by eyBN3V,, it is simply
Factor 1/2 is also necessary for this expression when a singfeduced by decreasing, simultaneously withV... Once the
polarized mode is considered. This means that the upper lif@vity satisfiesV’ <1, decrease ofl. and increase ofy
of C factor is 1/2 for a single-polarized mode. To raise thigancel with each other so tha, is no more reduced. When
value to 1, an asymmetric cavity and/or anisotropic orientatiéh large surface recombination is considered, efficiency at
of dipoles must be used [23]. Equation (7) has the sarffw pump density and at low injection current is seriously
form as that of (5) except for factofe/ns.r. lgnoring this degraded. Suppression of surface recombination is crucial for
factor, changes of and C for a mode with the polarization the thresholdless operation. In Fig.2,> 1 is assumed for
degeneracy are calculated with normalized cavity voluipe Smaller cavities. Howevery <1 may also be possible when
as shown in Fig. 1. Whel is larger than 1, multiple cavity ¥ 1S detuned fromw, and/or distribution of modes is strongly
modes are allowed in the spectrum, which cancel the incred8gdulated so that a limited number of modes overlap with the
of V. in (5) and bringy close to 1. ProductC' is inversely transition spectrum. For such conditialy, is simply reduced

proportional toV’. Let me consider a GalnAsP—InP laser wittidependenly ofv..

A, = 1.55um, A\, = 80 NM, neq = nyer = 3 andl, = 2, High-output power from microcavity lasers is often doubted
as an example. Thei; = 1 is obtained foV, = 0.5 pm? because of the small volume. In essential, however, they
and~y = 20 for cutoff conditionV, = 0.26% m?. can a_chleve .comparably hlgh' power for the smgll volume.
Lasing characteristics are obtained by solving the a|md§pctrlcgl resistance of Ias_ers is inversely proportlonal to the
standard rate equations dimension, and thermal resistance and ohmic contact resistance

the square of dimension, while injection current is proportional
AN A, I . . ) X .
— _TSG(N) — < vV + ’yBN2> n (8) to the cubic of dimension. This results in a small temperature

dt eV, increase for a certain pump density or allows a very high pump

ds , S density and photon density in a microcavity.

T =I'SG(N)+~CBN~ — - ) Photon lifetimer,, is one of the important parameters that
pr

dominate the response of lasers. For microcavity lasers, both
where IV is the carrier density in the active region, the increase ofr, by “a highQ” and decrease by “a short cavity”
surface recombination velocityl, the surface area of activecan be supposed. Especially, extreme increase,ofs an
region, I the injection current ane, the photon lifetime. interest regime that gives rise to the Rabi oscillation. [29]
Equation (1) for stimulated emission rate was rewritten &$owever, it also causes a narrow modulation bandwidth and
I'SG(N), where G(N) is the gain coefficient. Equation (4)low external efficiency. Extreme decreaserpfcauses a high

for spontaneous emission rate was approximatedyByW2, threshold current. Since this discussion may conclude the
where B is the radiative recombination coefficient. Only thelesign choice, the special changerpfis not considered here.
surface recombination was taken into account as a nonradiatiig. 3 shows modulation characteristics calculated from (8)
recombination process, considering a relatively low carriand (9). WherC'is equal to 1, it exhibits a mixed characteristic
density in a highg cavity. Fig. 2(a) shows photon density of light-emitting diodes (LED’s) and laser diodes. For=
versus pump density/eV,. Parameters used for calculatiorll, spontaneous emission lifetimg = 1/R,, limits the

and meaning of notations A—F are summarized in Table rhodulation bandwidth below threshold (A-D). Fer> 1, I}y,

The thresholdless lasing characteristic [6], [11], [16], [17] is clamped against further reduction Bf and the enhanced
observed forC = 1 when neglecting surface recombinatiospontaneous emission rate allows LED’s to have response
(curves D—F). Fig. 2(b) shows corresponding extinction poweomparable to those of laser diodes (E and F). For example,
of laser modeP = hw;SV,/7, versus currentl. Since 3-dB bandwidth exceeds 7 GHz for = 10 andl = 0.1
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TABLE |
1020 |
A =155um  T=004 G=5%10" cm’/s
Ar, = 80 nm r,=2 B=25x10""cm’s
— 10 neq=3 T =3ps No=2x10"8 em™
<
EL A ¥, =270pm’ §,=334pm*> C=0.001 y=1
“ e B 27 0.72 0.01 1
z C 27 0.151 0.1 1
& D 027 0.0334 1 2
A 10 E 0.027 0.0072 1 20
g F 0.0027 0.00151 1 200
é‘? 102
spontaneous emission of nonlasing modes, which contributes
10“’1024 - 1'016 = TEa—re to the rec.ycling..The recycling wi_II be efficient_in a relati_vely
Pumping Rate eV, [om 5] large cavity having many nonlasing modes with loss slightly
a

larger than that for the lasing mode. The recycling fades
out at higher injection level at which gain spectrum overlaps
with spontaneous emission spectrum. Therefore, the threshold
reduction is limited to nearly 1/2 of that without recycling.
For lower injection level, extreme high external efficiency in
LED’s is expected by the large absorption of spontaneous
emission [26].

@

I1l. PROCESSING OFMICROCAVITIES

In actual microcavities, volume smaller than an® is
equivalently realized as the mode volume strongly confined
around the active region using high reflectivity mirrors. The
mirror reflectivity R corresponds to the resonant spectral width
Aw;, and dominates the upper limit of the effects under the

Extinction Power of Laser Mode P [W]

1o j"

10° "16,'; TTr 100 critical conditionAw; < Aw,. Let me consider a Fabry—Perot
Current I [A] cavity laser with mirror interval ofL and internal absorption
) loss of 10 cnt!. To suppress the mirror loda(1/R)/L to

comparable to the absorption logg must be as high as 0.999
Fig. 2. Lasing characteristics of microcavity laser. For solid and dash%q-]d 0.9999 for = 1 and 0.1um respectively However. to
curves,vs = 0 and 2x 10° cm/s are assumed, respectively. ) ' ! ) ’

satisfy the critical condition® must be at least much higher
than 0.534 and 0.939 fal. = 1 and 0.1um, respectively,

Iin (E). The stimulated emission dominates the characteristihen assumingy, = 1.55um andAA, = 80 nm.
and the relaxation oscillation limits the bandwidth for I;4,. From the of viewpoint of mirror reflection, microcavity
However, the relaxation oscillation itself is suppressed whetructures are categolized into two types; one confines the
C =1 (DandE) [17]. Itis caused by the simultaneous increaseode field by multiple reflection, while the other by total
or decrease of carrier and photon densities. Since the ratioirdernal reflection. Vertical-cavity surface-emitting lasers (VC-
spontaneous emission to stimulated emission is still high jJUSBEL’S) and photonic crystals are the former type, while whis-
above threshold, the modulated wave form is influenced by tphering gallery mode cavities are the latter type. So far, reported
lifetime 7,. For higher injection level, the bandwidth is simplystructures and fabrication techniques of microcavities based
increased by the increase of photon density. If the current cam GalnAsP—InP and some other materials are summarized
be over 100/, the bandwidth is enhanced to 100 GHz. in Table Il. GalnAsP-InP VCSEL'’s have been approaching

Some results shown above are different from those reporti@ practical device by the improvement of dielectric and/or
previously [16], [18]. This is because the change(bfactor semiconductor multilayer mirrors with reflectivity over 0.99
independently of cavity volume, which was sometimes apt3]-[47]. However, since most of them are employing planar
sumed in those papers, seems to be difficult, if one acceptslow mesa cavities having relatively weak optical confine-
the broadening of transition spectrum of semiconductor. ment, they are not suitable for spontaneous emission control.

Finally, let me discuss the photon recycling in microcavitiedo achieve the small-mode volume, complicated structures
It is the effect that spontaneous emission confined in a cavitjth large An between semiconductor and air are often
is reabsorbed and recycled as carriers [42]. Under a strogmgployed in photonic crystals and whispering gallery mode
coupling regime of electron and photon states in a cavity wittavities. The surface recombination becomes serious in such
C = 1 and ultrahighg), this effect gives rise to the Rabistructures with large surface area exposed to the air. For
oscillation. Under a weak coupling regime in a realistic cavitgxample, let me consider the internal quantum efficiency
obtained at present, this effect is expected to serve for timea micro-column. From rate equations,is derived as
economy of injection current and the threshold reduction in
laser diodes [24], [25]. However, such recycling cannot be ,, — 1 — Aqts(V/(Aavs)” + 4V B(I/e) - Aavs)_
considered in a cavity witl’ = 1, because there remains no 2V, B(1/e)

(10
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10g TABLE I
Iy=0.1], —
1— o b th Mirror | Cavity type Structure in]:ﬁl)éi‘ﬁgltsi‘;ls Device
E \\-“\‘\
F N *, P!anar% iecti
F \ \ Injection Laser
o1 :_ \\F ‘\\F ey ’ Regrowth [43,44] =24 MA[45]
VN VCSELs
[ 5 Pl
0.01 [ N ) L. “\‘ i Lo?;]?\;lgsé_% Fusion {46] Injection laser
T ECEEVESSEES | Oxidation [47) 1y=0.8 mA[47]
10 ;_ 31(h )
o £ Air
9 E gap
g_ I __E Wet ctching [48] fa';‘e’:"[f%mf’e‘j
[} E ~d
v E
= F ‘}F
2 r 1Y
E 01F PN )
—g E (Y Dry etching Laser mirror [49]
S r VN Multiple [49]
= L R N l\ N reflection
10 E
F \’ 1001 Dry etching [50*] L . 50%
r AD th Anodic etching {51] asermiror (307]
1 E Photonic
3 crystals
[ Dry etching [52]
0.1 E Selective growth {53*|
g \F
AN
0.01 s s ’ B
107 108 10° 10 10!t 102 108 Dry etching [36*]
Frequency [11z]
(@
Fusion [54]
Iof
g Mesa
g Dry etching [32*,55%] Injection laser
3o Sclective growth [56+] | /=5 MA[32%]
B (Iop= 31&:) reflection | & ca?;ties Ring - Dry etching [57] i;l;‘;:(’['sf’%mped
Wet etching Injection laser
31,58] I;-0.2 mA[58]
DI, 31,) surface condition of semiconductor. Typical value for GaAs-
0] th, . . 4 . .
? air interface is 1-5¢ 10° cm/s, [59], [60] while that for InP-air
W interface 0.5-5< 10* cm/s [61]. Thus, a high efficiency seems
g to be difficult for Ga(In)As—AlGaAs, but can be expected for
s E (1,~0.3L,) GaInAgP—InP. . . _ _ .
In this paper, four typical anisotropic etching techniques for
GalnAsP-InP have been investigated, i.e.;-Gdsed RIBE
[62]-[64], methane(CH,)-based RIBE [65], [66], selective
E (I=3I,) wet chemical etching with hydrogen chrolide (HCI) solution
o] th, . A .
’ [67]-[69] and anodic chemical etching [51], [70]. For.Cl
RIBE, ultrahigh vaccum system ANELVA UHV-ECR [63],
[64] was used. An advantage of this etching for GalnAsP-InP
0 2 4 & 3 is the high etch rate and negligible retreat of mask edge. It
Time [ns] allows aspect ratio over 20 with sidewalls faithful to the
) incident direction of ion beam. Fig. 5 shows a deep grating

formed on InP substrate by this etching with microwave
Fig. 3. Modulation characteristics of microcavity laser. Small-signal modr:bower of 300 V. acceleration voltage of 300 V Cgas
lation with bias current of}, is assumed for (a), while zero-bias modulatio ! 4 12
for (b). pressure of 1.3< 10~* torr and substrate temperature of 270

°C. Electron beam (EB) resist Shipley SAL601 was used as
Fig. 4 showsy; with injection currentl. It is seen that, if one a mask. Under this condition, etch rate for InP was as high
desires a high efficiency for current lower than 1 mA< 1 as 500 nm/min. The grating has semiconductor linewidth of
x 10* cm/s is crucial. The velociry, is strongly dependent on nearly 0.3m and air space of 1.2m, which almost satisfy



BABA: PHOTONIC CRYSTALS AND MICRODISK CAVITIES BASED ON GalnAsP—-InP SYSTEM 813

T T T T N
! -
-+ 10 d‘w %
Act. —_10nm
v, [emy/s]= ¢ T Lo i g
2 .
1of 10 .
0.8
-~
2
0.8F 5 0.6

& ® |

5 g

5 A 0.4 Accel. Voltage

é er ol —O— 300V

= & 0.2f

g ‘GalnAsP/InP L --0-- 400~ 500V

g 0.4 | i 1 L 1 1 { 1 1

& % 1.0 2.0

| : Space Width s [um]

g GaAs/AlGaAs P H

g 02 ; Fig. 6. Etch depth ratio measured for various space widths of deep grating

formed by Cb RIBE. di was deeper than gm.

3

0 i 1
107 107 107° 1074 1073 1072
Injection Current / [A]

Fig. 4. Internal quantum efficiency of semiconductor micro-columns calcu-
lated with injection current.

Threshold Current Density [kA/cm?]

I~ O Grating/Cleaved

® Cleaved/Cleaved

0 ! 1 1 i 1 1 1 L 1 i

0 500 1000
Cavity Length L [pm]

Fig. 7. Theoretical curves and experimental plots of threshold current density
of stripe laser versus cavity length. The grating has five corrugations. A
compressive-strained quantum-well wafer was used for experiment.

LU 1214 28KV

Another reason is the light scattering at etched sidewalls with
Fig. 5. Ultra-dee, /4n grating formed into InP substrate by,CRIBE. roughness. Fig. 8(a) shows topographic image of a sidewall
inside the grating obtained by a field-emission-type scanning
the three quater wavelengtt8),/4n) condition for A\, = electron microscope (SEM) [72]. The maximum amplitude of
1.55m. Thus, the grating can be used as a multilayer mirrobughnesss was 35 nm. It is much larger than 20 nm, which
in a horizontal short cavity stripe laser [49]. To obtaig/4n ~was observed for sidewalls of a large simple mesa formed by
condition, the space width must be 0.88. For such narrow the same etching. It may be caused by a high vapor pressure of
space, the etched depth was reduced to nearly 30% of thtl, and InC} inside the grating, which disturbs the smooth
for broad area by the loading effect, as shown in Fig. 6. ¢hemical reaction. Fig. 9 simulates reflection spectra’gfin
was slightly improved by a higher acceleration voltage. Ttgrating for plane waves. The unwanted light scattering at
reflectivity of the3\; /4n grating was evaluated by measuringough sidewalls was taken into account by the exponetial
the threshold of stripe lasers with the grating for one facet adécay of reflection [73] and randomly generated phase error at
the cleaved end for another facet. Threshold current densétgch facet. The resonant behavior between stopbands becomes
was measured for various cavity lengths and compared wiambiguous even witlm = 5 nm and almost disappears with
those of lasers with two cleaved facets, as shown in Fig.4.> 20 nm. The maximum reflectivity can be decreased to
From the fitting of theoretical curves, the effective reflectivitp.7 with & = 35 nm. Although a lower acceleration voltage
of the grating was evaluated to be 0.2—-0.6. The reflectivity ofduces the roughness [72], it also reduces the etch depth.
such mirror, calculated for plane waves using transfer matrix CH4-based RIBE is effective for smooth sidewalls. Compact
method [71], is over 0.999. One of the reason that degradeshing apparatus Elionix EIS-200ER with mixture of GH
the effective reflectivity is the diffraction loss of reflected lighH,, and Ar gaseous source and microwave power of 100
in the air space; the reflectivity o);/4n grating cannot W was used. To reduce the deposition of carbon polymer
be higher than 0.75-0.85 for guided waves in lasers [4@t the etched surface and sidewalls, total gas pressure was
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Reflectivity R

a0 Cnml

1

1
1.6

1
1.4

¥,¥ UNIT: Cmicrond Wavelength [um]

Fig. 9. Simulated reflection spectra for semiconductor/air multilayer mirrors
with roughness of. Index of semiconductor was assumed to be 3.4.

by deposited polymers during the etching is not expected for
such low gas pressure, otherwise the roughness of sidewalls is
increased by the irregular deposition of polymers for a higher
gas pressure. Sidewall angle against the substrate plane was
typically 78°-82. This value makes it difficult to obtain a high
aspect ratio over 10 and realize such an ultra-deep structure,
as shown in Fig. 5.

Selective wet etching of InP by HCI solution and that of
GalnAsP by mixture of HSQ,, H:O, and HO are well-
known simple methods to to form fine structures. Especially,
the former exhibits a high etch rate ratio against quaternary
50 T3 materials over 1000 [12]. In this paper, 1.05-¢ and InP
layers were successively grown on an InP substrate by a
low-pressure metal-organic chemical vapor deposition (LP-

% ¥ UNIT: Cmicrerd a MOCVD). The top InP layer was removed using HCI®I=

(b) 4:1 solution at 2C. Fig. 10(a) shows atqmic force microscope
Fig. 8. Topographic image of sidewall inside deep grating etched by Clgnage of -the s_urface just after the (_EtChI_ng. Peculiar roughness
RIBE (a) and that of sidewall of simple mesa etched by,@dsed RIBE (b). f10 _nm In he_lght and 40-200 nm in width may be Ca_us_ed by

the slight etching of the 1.0bm-Q layer. Surface of a similar

suppressed to 7-18 10~° torr. Accordingly the gas flow wafer with 1.1xm-Q layer was observed after the etching, as
rate was set to be small; rate of ¢ias varied from 0.5 to shown in Fig. 10(b). The roughness almost disappeared and
0.75 sccm, while those of Hand Ar were fixed to 0.9 and only undulation of less than 2 nm in height remained. This
0.3 sccm, respectively. The acceleration voltage was set todtmws the extremely flat interface of MOCVD-grown epilayers
200 V or less to reduce the induced damage. Etch rate for laRd almost perfect etch stop at the L@ surface. As seen
takes the maximum value of 82 nm/min with CHow rate from Fig. 9, a high reflectivity over 0.99 can be expected if
of 0.65 sccm. Etch rate for 13m-quaternary (Q) material such surfaces are utilized for multilayer mirrors. Fig. 11 shows
was roughly estimated to be 30% of that for InP under treevertical cavity formed by the selective etching of InP. It is
same etching condition. These values are also decreasecegyipped with a pair of mirrors with 1.8m-Q layers and
the loading effect similar to GIRIBE. The damage depthair-gaps, both satisfying,/4n condition, and a\;/n-cavity
of etched surface was evaluated from the photoluminescemomtaining GalnAs 5-quantum-wells. Fig. 12 shows that PL
(PL) measurement to be 200 nm [52]. This value is almosttensity from the quantum wells was enhanced to nearly seven
comparable to that by €IRIBE [64]. In comparison with times after the etching. Spectral width of 19 nm after the etch-
this value, the damage induced into sidewalls is shallow, By was almost independent of the excitation power. Therefore,
shown in Section 1V. The sidewall roughness was measurétd,might be determined by the cavity resonance and the
as shown in Fig. 8(b), where titanium (Ti) film was used asdispersion relation between emission wavelength and radiation
mask. Etch rate for Ti was 1 nm/min or less. The maximuringle (see Appendix B) as well as the numerical apperture of
roughnessr was 10 nm, but locally 2 nm or less. It is mainlyfiber probe used for detection. Photo-pumped lasing operation
deteorirated by the edge roughness of patterned Ti film. Th&similar air-gap vertical-cavity has been reported [48].
problem of this RIBE is the inclination of sidewalls caused The anodic chemical etching is another interesting technique
by the retreat of mask edge [74]. Effective protection of maghkat realizes a 3-D structure with high aspect ratio and low
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Fig. 10. Atomic force microscope image of quaternary (Q) layer surface after wet etching using HCI solution. (a) displagysm-Q208urface and
(b) 1.1um-Q surface.

etching damage. When the surface of (111)A n-InP substratgstalographic plane of exposed sidewalls. The position of
with donnor concentration over & 10 cm~2 is etched by triangles can be controlled by masking [70], but the shape and
HCI:H,O = 3:17 solution at RT with current injection, weakorientation cannot be changed without changing the wafer. One
optical pumping by a fluorescent lamp and no masks coverin§ the problem of this method is the (111)A InP substrate,
the surface, numerous equilateral triangular holes and pillavhich is known as a crystalographic plane not suitable for
are automatically formed [51], [70]. The typical anodizatioepitaxial growth. For (100) n-InP substrate, cross-hatched
time is 3-5 min and current density is 10-50 mAfcriloles holes with angle of 35%against the substrate plane appear
and pillars are normal to the substrate plane, and orientatiafter the same etching.

of triangles is dominated by the crystal orientation. Size of Fabrications of photonic crystals and whispering gallery
triangles can be changed by the anodization time; it is ofode cavities require a high aspect ratpl(Q is desired),
submicron order when the time is shorter than 3 min. Evamooth surface and/or sidewall with< 5 nm, and adapt-
with anodization for 3 min, the etched depth can be ovability to arbitrary shapes. At present, no methods satisfy
10 xm, and aspect ratio of 10-100 is easily obtained. Ftlese requirements simultaneously. For the formation of 3-D
such structures, PL intensity was almost the same before alep structures, CHRIBE seems to be the most promising
after the anodization [51]. This may be owing to the stablmethod that exhibits sufficient performance for the latter two
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requirements and has room for the improvement of aspect ratio
by a multilayer etching mask.
Fig. 12. PL spectra from vertical-cavities of Fig. 11.
IV. PHOTONIC CRYSTALS

Photonic crystals are nanostructures constructed by optical 3D 2D D
atoms periodically arranged in a background medium [7]-[9],
[75]-[78]. They are attracting attention because of the large:
potentiality for spontaneous emission control effects by thi
multidimensional optical reflection. However, there have beei
few reports on the generalized discussion and quantitative-
estimation of the effects due to the complicated mode behavior,
which is barely examined by a long time computation. In the
following, Section IV-A gives some quantitative estimation
using rough approximation of modes. Likewise, there have
been few reports on semiconductor structures designed for
lightwave frequencies due to the difficulty of fabrication and"\\‘
evaluation. Sections IV-B and IV-C describe the design, fabri- -
cation, and evaluation of 2-D crystals based on GalnAsP—InP
system. :

Resonand Mode

. . o ey i
A. Dimensions and Spontaneous Emission Control Mode, & o0 c(>

One of the peculiar characteristics of photonic crystals is \
the photonic bandgap, which means the frequency range that = . Spectral e
inhibits the existence of modes. In photonic crystals made Width Aa,
of semiconductor, transition spectrum overlapping with the @) (b) ©

bandgap is inhibited and the spontaneous emission rate is re- . . . . ,
duced. Eio. 13 illustrates the schematic of a photonic crvstal Fig. 13. (a) Schematic structures of photonic crystal of various dimensions.
u - F1g. p Yy (9 Wave vector space inhibited by photonic bandgap. (c) Emission spectrum

various dimensions, corresponding wavevector space of mo@@sited by photonic bandgap.

and that of spontaneous emission, which are inhibited by each

photonic bandgap. The transition spectrum is expressed byHere, leaky modes are defined as those which are not
a shell with radiuso, and thicknessAw,. In Fig. 13,w;, is inhibited by the photonic bandgap. The simple assumption
assumed to be equal to the center frequengyof bandgap. that the number of leaky modes in 1-D and 2-D crystals
Multilayers, as shown in Figs. 5 and 11, are kinds of 1-D cry$s proportional to the solid angle occupied by leaky modes
tal and the bandgap is equivalent to the stopband. However, tjiiges the ratioy with normalized width of bandgapw,/w,,
inhibition of light is not perfect, since radiation parallel to theas shown in Fig. 14. With the expansion tw,/w,, the
multilayer plane is permitted. 2-D crystals typically consisgolid angle for leaky modes becomes small, and hende

of vertical holes or pillars formed on a substrate. Althougtiecreased. If a leaky mode is available as a laser mode, the
it permits radiation normal to the substrate plane, total soliireshold can be reduced. In 3-D crystals, the spontaneous
angle of inhibited radiation is much larger than that in lemission energy can couple to a limited number of modes out
D crystals. 3-D crystals consist of complicated mosaics anfl bandgap. As shown in Fig. 14, is rapidly decreased to a
radiation in all directions is inhibited in the ideal case. very small value, once the bandgap almost overlaps with the
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Fig. 16. (a) Triangular lattice and (b) corresponding reciprocal lattice in 2-D
crystal with coordinate system and definition of TE and TM polarizations in
this paper.

direction. Emission coupled to this mode is radiated toward
upper and lower directions with solid andle Aw, /w;.

Almost precise numerical calculation of spontaneous emis-
sion rate for definite 1-D crystals has been performed [22],
but not for 2-D and 3-D due to the long time computation for
the volume of localized field of resonant mode dnd n.q
and n.g for all modes including leaky modes. However,
normalized width of bandgafiw, /w, in each photonic crystal

Fig. 15. Alternation ratio of spontaneous emission ratand spontaneous IS roughly approximated by the mode interval in the ideal
emission coupling efficiency in photonic crystals. Since they are approx-cavity discussed in Section Il (see Appendix B). The change

imately obtained by neglecting change of equivalent index, result for 1

crystals is slightly different from that of Fig. 36.

‘Bf ~ is outlined for each crystal, as shown in Fig. 5.

can be larger than 1 with the expansion Ay, /w, in 2-
D and 3-D crystals. A summary of many photonic band

transition spectrum. For this case, it seems difficult to utiliz&|culations showed that the maximuthw, /w, for 3-D
a leaky mode as a laser mode.
Irregular optical atoms put into photonic crystals produceor this value,y; = 8 is estimated from Fig. 15. For 2-D
resonant modes whose fields localize around the atoms apngktals constructed by columndw, /w, = 0.46 is predicted
resonant frequencies locate inside the photonic bandgap 8}, a specified polarization, as shown later, and thais= 2.

[9]. Let me suppose an irregular atom of neafly, /n)? in

crystals made of semiconductor and air is nearly 0.3 [79].

In Fig. 15, ', and Aw,/w, are assumed to be 2 and 0.05,

volume, which contains the active region with a high refractiveespectively, considering quantum film active region with a
index. Antinode of localized field efficiently overlaps with thestandard transition spectrum from GalnAsP-InP observed at
active region, and largg,. is realized when the active regionroom temperature. If,. is increased ancthw, /w; is decreased

is much smaller than the irregular atom and is located at thg quantum-dot or quantum-wire active regionis increased
center of the atom. Under this condition, the resonant motte 10-20 for 3-D crystals.

overlaps with the transition spectrum in the wavevector space 3 is defined as the coupling efficiency of spontaneous emis-
as denoted by dotted lines in Fig. 13. The resonant modesion energy into resonant modes with continuous wavevector
1-D crystals has discrete wavevectors in the vertical directigids], [16]. Using the same assumption as fgrthe change of

but continuous ones in the lateral directions. There exists3ais also examined, as shown in Fig. 15. The spontaneous
dispersion relation between resonant frequency and radiatemission factorC is given for an absolute discrete mode
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Fig. 17. Photonic bands and photon DOS for circular atoms and triangular lattice. Assumed refractive index for semiconductor denoted by shadowed reg

in insets was 3.46, which is that of InP at band edge. Results for this index is applicable to those made of various IlI-V compounds with small error.

defined by 3-D boundary conditions. In an ideal 3-D crystalf photonic bandgaps for two polarizations is observed, which
with one irregular atom{ is equivalent to3 if the resonant absolutely inhibits the spontaneous emission inside the 2-D
mode has no polarization degeneracies, and thiusan be plane. Normalized width\w,/w, of the absolute bandgap is
almost 1 withAw,/w, > 0.1. To discuss thé’ factor for 1-D  0.1. For semiconductor columns (or circular pillard)y,, /w,
crystals, they need some side mirrors. The simplest mirroraéthe lowest bandgap for TM polarization is as wide as 0.46.
the sidewall formed by etching a planar 1-D crystal into a poss seen in Fig. 153> 0.9 is expected for this bandgap if
shape. It has been shown tl@tover 0.1 is possible in an air- a resonant mode is produced by an irregular atom and the
post GaAs—AlGaAs VCSEL when the post width is reducegblarization is restricted to TM by an anisotropic orientation
to A;/n [22]. Similarly, upper and lower mirrors are necessargf dipoles in quantum-wells. Photon density of states (DOS)
for 2-D crystals. One of the method imagined is to form holgsr each polarization is also obtained by integratifig dw =
or columns into a planar 1-D crystal. For this case, a 3-b.4/cinside the Brillouin zone of Fig. 16. It repeats increasing
localized field can be defined ardd ~ 3 may be possible.  and decreasing with the change wf /27c, and sharp peaks
) ) appear at band edges.

B. Design of Semiconductor 2-D Crystals Experimentally, dry etching techniques allow arbitrary

2-D crystals were designed from photonic band diagrarsbapes of optical atom, but chemical etchings and selective
calculated by solving the eigenvalue equation for vector waveeea growths [53], [56] specify shapes depending on
[80]-[83] with the numerical Fourier transform of atom shape#he crystallographic plane of semiconductors. To simulate
Schematic top view of a 2-D crystal with the triangulaexperimental shapes, the distribution of photonic bandgap for
lattice [84], [85] and the corresponding reciprocal lattice anearious shapes with various filling fractiorfswas examined,
illustrated in Fig. 16. For wavevectors inside the 2-D planas shown in Fig. 18. Some of photonic bandgapaef, /w, <
polarization parallel to the 2-D plane (TE polarization) anfl.05 were omitted. In general, a structure constructed by holes
that perpendicular to the 2-D plane (TM polarization) can ke likely to exhibit TE bandgaps, while that by pillars TM
considered individually, since eigenvalue equations are sepandgaps. They are explained to be originated from the abrupt
rated for these polarizations. Typical photonic band diagrambkange of displacement field in continuous structures like
for circular atoms are shown in Fig. 17. The shadowed amdles and that of magnetic field in discrete structures like
bright regions in the insets indicate a semiconductor and gillars, respectively, at bandgaps [75]. The absolute bandgap
respectively. The filling fractiorf of semiconductor is fixed to is obtained for circular holes with 09 < f < 0.2, andAw, /w,
0.1. For circular holes formed into semiconductor, the overlag maximally 0.15 forf = 0.13. For columns, several wide
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Fig. 18. Dependence of photonic bandgap on filling fractfhtnAssumed shape of optical atoms is illustrated in each inset. Dark region indicates
semiconductor whose refractive index is 3.4. Bandgapsyffer 0.09 is not calculated in (a) and that fgr< 0.13 in (e), since air atoms cannot be
circular and square under the conditions, respectively.

TM bandgaps and narrow TE bandgaps are obtained foiSace columns with the triangular lattice has the imperfection
wide rage of f. For hexagonal atoms, the distribution oin TE bandgaps, the structure (d) employs the hexagonal
bandgap is similar to that for circular atoms. However, tHattice, which also exhibits an absolute 2-D bandgap [75].
absolute bandgap is not observed, since hexagonal holes do ndiet me check the actual size of 2-D crystals exhibiting
separate the semiconductor with any fractforror square and photonic bandgaps at lightwave frequencies. Emission wave-
triangular pillars, the distribution of TM bandgaps is similatengthsi, of 1.55 and 0.8&:m are assumed for GalnAsP-InP
to that for columns. For square holes, TE and TM bandgaped GaAs—AlGaAs systems, respectively. In Fig. 18(a), the
exist simultaneously but do not overlap with each other. absolute bandgap for circular holes lies aroung:/2rc =

As illustrated in Fig. 19, four types of emitting device base@.45 with f = 0.13. Corresponding pitch and diameter of
on 2-D crystals with circular atoms are supposed. Structuriesles are 0.698 and 0.683n for A, = 1.55um, respectively,
of Fig. 19(a) and (b) are equipped with a small hole armhd 0.396 and 0.38&m for A, = 0.88 um, respectively.
a large column at the center, respectively, to maintain Tdhey are honeycomb structures in which only 2.1% of the
resonant mode. Spontaneous emission coupled into this mpéeh is remained for the minimum thickness of semiconductor
is radiated in the lateral directions. The radiation directiowalls between holes; it is as narrow as 15 nm and 8 nm for
will be further restricted by putting the irregular atom out ofthose wavelengths, respectively. In Fig. 18(b), the lowest TM
center or removing some atoms locating on the way from th@ndgap for columns lies around,a/2rc = 0.34 with f =
irregular atom to the edge of the crystal. The latter one seeth4. Corresponding pitcta and diameter of columns are 0.527
to be more advantageous for the collection of light poweand 0.179um for A\; = 1.55um, respectively, and 0.299 and
since the atom-removed region acts as a low loss wavegu@®99;:m for A, = 0.88um, respectively. To operate 2-D crys-
[83]. In Fig. 19(c) and (d), no irregular atoms are introducetdls properly as expected, height of those structures must be
so that the lateral emission is inhibited by photonic bandgapsuch larger than pitclh. The minimum aspect ratio required
It is effective in the enhancement of external efficiency ifor the thinnest semiconductor walls between holes is 48:1, and
surface emitting LED’s and the reduction of threshold currefir columns 3:1. The former requirement seems to be difficult
in VCSEL's by the reduction of spontaneous emission ratiar GalnAsP—InP system by any dry etchings at present.
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Fig. 18. (Continued.) Dependence of photonic bandgap on filling fractibn Assumed shape of optical atoms is illustrated in each inset. Dark region
indicates semiconductor whose refractive index is 3.4. Bandgapg #0r0.09 is not calculated in (a) and that fgr< 0.13 in (e), since air atoms
cannot be circular and square under the conditions, respectively.

Doped Atom and strained multiple-quantum-well (CS-MQW) and gradient-

Localized Mode Field - Multilayer Mirror, ctc. index separate-confinement-heterostructure (GRIN-SCH) were
o= grown on InP substrate by an LP-MOCVD. Each thickness of

well layers was 3—4 nm and that of 1.2a-QQ barrier layers
10 nm. The strain was 1%, and the number of wells was four.
Total thickness of active layer including 50-nm-thick L.2»
Q guide layers and 30-nm-thick 1;im-Q GRIN layers was
nearly 0.2um. The peak emission wavelength was 1.248
at RT. For the formation of columns, both.@ased RIBE and
CH,-based RIBE were tested. However, the loading effect in
the former method was serious and the sidewall roughness was
over 50 nm for the dense pattern of columns. Therefore, only
fabrication process by CHbased RIBE is described below.
First, Ti film of 40—-70 nm in thickness was evaporated on
the wafer as a mask. On this film, SAL601 resist of circular
dot patterns was formed using a standard EB lithography
system with a tungsten filament and acceleration voltage of
20 kV. The filling fractionf was maintained to 0.1 for various
dot diameters. Through the patterns, the Ti was patterned by

(@) (b)

Fig. 19. Schematics of emitting device based on 2-D crystals with circul . . .

at?,ms, 9 i RIBE with CF. gaseous source, and successively the epilayers
were etched with mixture of CH H,, and Ar under the
condition described in Section Ill. Formed columns have

B. Fabrication and Evaluation of GalnAsP—InP 2-D Crystalssmooth sidewalls, as seen in Fig. 20. Fluctuation of diameter

In this study, the arrangement of columns with the triangulém the smallest columns was due to the resolution limit of
lattice was employed as a structure of 2-D crystal tihe lithography system rather than the RIBE. The sidewall
minimize the fabrication difficulty. GalnAsP compressiveangle of the smaller two was over 85 degrees, while that of
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Fig. 20. SEM views of 2-D crystal constructed by GalnAsP—-InP columns. Diameter and pitch are: (a) 0.25 apanp.(#5 0.2 and 0.625%:m; and
(c) 0.15 and 0.45:m, respectively. Height was 0.6—0,8m.

the larger two was 72-78. This difference comes from the
slight difference of Ti mask edge. The height of columns was
0.6-0.8:m, and the maximum aspect ratio obtained was 4. PL
spectra were measured before and after the etching at room
temperature from the direction almost normal to the substrate
surface. Here, the pump wavelength was 830 nm and pump
density 1 kW/cn. It was observed that PL intensity multiplied
by fraction f was degraded to 1/2, 1/5, ard1/10 by reducing
the diameter of columns to 0.7, 0.4, ar.2 :m, respectively.
The RIBE damage depth into sidewalls is estimated to be less
than 100 nm. Upon wet etching for 6 s using HGI®= 4:1
solution at 2°C, 0.4u:m-diameter columns were deformed
to a mushroom shape, as shown in Fig. 21, but the PL
intensity multiplied by f was recovered to almost the same
level or even stronger as that from the as-grown wafer. The
stronger emission after the wet etching seems to be due to
the mushroom shape, which radiates and scatters the emission
more efficiently than flat surface of the as-grown wafer [7].
For formed columns with diameter of 0.35 and 046,
polarization characteristics of PL intensity was measured affég. 21. Mushroom shape observed after wet etching famudiameter
the wet etching in thd'—X direction inside the 2-D plane, as®tmns
shown in Fig. 22. Here, the pump condition was the same as
mentioned above. The emission from the edge was collimatedrhe measurement of transmission spectra is effective for
and focused into a multimode fiber by a pair of lenses. Ti#earer evaluation of photonic bandgap [8]. However, it has
polarization of the emission was analyzed by a polariz8ever been performed for semiconductor 2-D crystals at light-
inserted between the lenses. The emission from as-growave frequencies, since in-plane transmission measurement is
wafer was TE-polarized, while that from the formed structureifficult for such small structures. In this study, the equiva-
was TM-polarized. The TE-polarized emission seems to be dé&t transmission measurement was performed to avoid this
to the anisotropic dipole orientation caused by the splittir@jfficulty. Various columns were prepared on the same wafer,
of valence bands in the CS-MQW [87]. The TM-polarizedvhich satisfiedf = 0.1, i.e., 0.3-0.5:m in diameter and
emission can be explained as the effect of photonic cryst@l9-1.5um in pitch. The height was increased to 1L
Fig. 23 shows the photon DOS calculated for the formday adding a transfer process of patterns to the Ti mask from
structures, where the mushroom shape was taken into accathmomium film formed by a liftoff technique. To avoid the
as the gradient-index distribution of equivalent index insidamushroom shape, no wet etchings were performed after the
the 2-D plane [88]. As seen in Fig. 23, the structure witRIBE. The fluctuation of diameter was suppressed to less than
diameter of 0.4um almost satisfies a TE photonic bandgaf%, but the inclination of sidewalls was not improved. Setup
condition. The structure with diameter of 0.38n does not for the transmission measurement is illustrated in Fig. 24. As
overlap with any bandgaps, but it rather overlap with a smaill light source, a large square region neighboring with the
peak of photon DOS for TM polarization. columns was used, which was not removed by the RIBE.
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Pitch a [pm] calculated photon DOS for TE polarization and that for the

Fig. 23. Photon DOS calculated for mushroom structures formed by RIEBtIM of 75% TE and 25% TM are also plotted for compar-
and slight wet etching. ison. The latter polarization ratio simulates the polarization
anisotropy observed for the as-grown wafer. Theoretically, a
This region was photopumped from the top of the wafer. THEE bandgap lies arounda/2rc = 0.8. In I'-X direction,
emission in the lateral direction was directly detected by spectra almost overlapping with the bandgap showed nearly
single mode fiber from a distant position and analyzed by amt dB decrease of transmission intensity. Although it was
optical spectrum analyzer after passing through the columasnbiguous in*-J direction, at least-1 dB decrease could
Lenses and polarizers were not inserted between the wafer Bedrecognized at the same frequency range. It was also
the fiber to detect sufficient light power and to minimize thebserved that the frequency range of lowtransmission intensity
variation of detecting condition. By repeating the measuremesitie-shifted and the decrease of transmission intensity at the
for various columns and plotting all the measured spectbandgap became more and more ambiguous when the fiber
on the axis of normalized frequenaya/2mc, an equivalent was slightly tilted toward upper direction. This seems to be
transmission spectrum was obtained as an envelope of thituenced by the sidewall inclination of columns.
spectra. Such measurements were performed inbe¥hand As seen from the experimental result, some light scattering
I’-J directions. The results are summarized in Fig. 25. Heand diffraction effects must be existing in formed columns.
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Fig. 28. Dependence of spontaneous emission rate, spontaneous emission
factor and cavity@? on normalized disk diameter.
direction. The lasing oscillation occurs by whispering gallery
modes rounding inside the waveguide. Such modes were
approximately calculated by a simple 2-D model, in which
a circular region with equivalent index., of the waveguide

is surrounded by an outer region with index of 1. The variable
M=17, A.=1.595 M=14, \=1.587 separation method assumed in this model may give some

amount of error, since the wavevector inside the waveguide
have a significant component in the vertical direction. | expect
this model to explain some qualitative behavior of whispering
gallery mode. The equivalent index, resonant wavelength and
mode field distribution inside the 2-D plane for mode ordér
were numerically obtained by simultaneously solving guided-
wave equation and axially symmetric wave equation with
boundary conditions at disk center, edge and infinite distance.

Fig. 27 shows some examples of magnetic field distribution
in a disk with 5um in diameter, 0.2:m in thickness and
3.4 of refractive index. Here the electric field vector is fixed

However, much effort is necessary to achieve perfect inhibitidhside the 2-D plane, since it well simulates the polarized
of spontaneous emission at photonic bandgaps and acigigPontaneous emission in CS-MQW used in the experiment.
resonance applicable to lasers by fully uniform, precise and€ €quivalentindex., was calculated to be 2.6-2.75 for res-
smooth structures. As discussed in Section IlI, key points &gant wavelengths ranging from 1.5-1,6&. Fig. 27(a) and
sidewalls normal to the substrate plane, which may be obtairidd display typical whispering gallery modes. The wavelength

Fig. 27. Magnetic field of resonant modes in microdisk @fré in diameter.
It is displayed by shaded drawing.

by the further improvement of etching mask. difference of these modes is 63 nm and this value is increased
by reducing the disk diameter. Fig. 27(c) and (d) display lower
V. MICRODISK CAVITIES order modes, which have resonant wavelengths close to that

In compared with photonic crystals, whispering galler@f (b) and mode maxima rounding relatively inside the disk.
mode cavities have very simple geometries such as spherd/sing (5) and (7);y and C are estimated with normalized
disk, column and ring, and easily realize a highresonance disk diameterD /., as shown in Fig. 28, whera. = A, is
by the total internal reflection in all directions. Especiallyassumed. It is much easier to realize= 1 than in photonic
disk cavities have already achieved extreme size reductigiystals, since the mode expansion in the vertical direction is
and low-threshold lasing operation by current injection. THeasily reduced ta./2n order by the strong optical confinement
following discussion focuses on this type. Other cavities afd the disk waveguide. Fok, = 1.55m andAX = 80 nm,
considered to have qualitatively the same characteristic th§ condition isD = 1-2,m. The cavity@, which is affected
those for disk cavities. First, the relation among spontaned the diffraction loss was estimated using the approximate
emission control effects, cavit® and cavity size is discussed.formula [90] with the equivalent index. As shown in Fig. 28,

Next, fabrication and evaluation of GalnAsP—InP disk lasefd is decreased rapidly & is further reduced from the above
are presented. value. Spontaneous emission rate may be slightly increased

for D < A. But it will be saturated and decreased to less than
A. Resonant Modes and Spontaneous Emission Control 1 when the diameter is small so that the mode field expands
Fig. 26 illustrates the schematic of a disk laser. The di$R outer space and effective mode volume is increased.
active region is supported by upper and lower pedestals. L i i
By injecting current from the top contact, carriers diffuse t&- Fabrication and Evaluation of GalnAsP—InP Devices
the disk edge and produce the optical gain. The disk edgeSo far, photopumped lasing in a 1.8r-diameter device has
exposed to the air consists of optical waveguide in the vertidaen reported and the factor of 0.2 has been estimated [89].
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The diameter of the top contact of the.a-diameter device
was reduced to 1.2m by the RIBE process. The current was
flowed from a sharpened tungsten probe directly touching such
a small top contact. The position of the probe was controlled by
applying voltage between the probe and the top contact before-
hand and monitoring the tunneling current. The radiation was
directly detected by a sharpened single-mode fiber and ana-
lyzed by an optical spectrum analyzer. For smaller devices, the
radiation was uniform inside the substrate plane. For devices
larger than 5um in diameter, it was uniform above threshold,
but stronger in{110) and (110) directions below threshold.
The uniform radiation and the anisotropic radiation seem to be
caused by the scattering of whispering gallery modes at disk
edge and by the direct radiation from the square center region,
respectively. In Fig. 31, open circles show the light output
versus current characteristic of @na-diameter device at 286
K under pulsed condition. The threshold current was estimated
to 0.2 mA. This value seems to be the lowest among those
ever reported for GalnAsP lasers, even though considering
the relatively low environmental temperature. However, the
corresponding threshold current density is still as high as 6.4
Fig. 29. Field distribution of whispering gallery mode and effective modgajcm2. Above threshold, the spectrum showed single-mode
width w for various disk diameters. lasing with FWHM of 0.2 nm, the resolution limit of the

measurement. However, multimode lasing was often observed
V\'ff% diameter larger than m. For the 2um device, theC
actor was calculated to be 0.4, when assuming the polarization
anisotropy of the CS-MQW wafer. In Fig. 31, theoretical curve
with ¢ = 0.4 fits to experimental plots with small error.
presented.

In the experiment, CS-MQW wafer described in Sectioﬁxc_es,s power observed beloyv threshold seems to be dug to the
IV was also used. For disk cavities, GRIN layers includet@diation from the center region. For the precise evaluation of
in the active layer are expected to help the smooth carrfgrfactor, a wide range evaluation of laser mode power below
injection into CS-MQW and to suppress the recombination &fd @bove threhosld under continuous wave (CW) condition
disk surfaces. Between the substrate and n-InP cladding bef@J fitting to a theoretical curve are necessary. However, CW
the active layer, 0.3sm-thick n-GalnAs was inserted to stop'a_‘s”'?g was not obtained due to Iarg_e heat_ caused by no heat
the wet etching described below. On p-InP cladding abovihking structu_re as well as large series resistance ofO.ﬂ.—Z_k
the active layer, Jsm-thick p-GalnAs was grown as a contact The the_oretu_:al thresho_ld current was calcu_lated by taking
layer. On the epitaxial surface Au-Zn—Au—Ti was evaporate@',e following nine properties of the disk laser into account.
while on the substrate surface AuGe. After patterning the Til) Logarithmic Gain of CS-MQWFor current density/
film into circular dot shapes, the Au-Zn—Au film was etched ~ and well numbetN,,, G = Go In(J/N,,Jo) with Go =
using Ar ion-beam etching and semiconductors to just above 780 cnr! and J, = 74 Alcn? was assumed. It well
the n-GalnAs layer by Clibased RIBE under the condition explains the threshold current of stripe lasers fabricated

Ju—
<
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Fabrication of injection-type devices of 5+8n in diameter
has also been reported [31], but the lasing operation
limited to those of no smaller than @m. In the following,
lasing operation of injection-type devices of 2-10n is

described in Section Ill. Formed circular mesas were nearly
4 m in height. After annealing the wafer for making ohmic 2)
contact, the disk shape was formed by the selective wet etching
of InP claddings using HCI solution at°’Z. The disk width ex-
posed to the air is km for etching time approximated by D

[s], whereD is in the unit ofm. Fig. 29 shows simulated dis-
tributions of the highest order whispering gallery mode in the
disk of 2—10um in diameter. The effective mode width defined 4)
as shown in the inset is decreased by reduémdo accelerate
sufficient carrier diffusion into the disk edge, the disk width
should be as small as possible within the extent that the mode
does not suffer serious scattering loss at the InP pedestals. Disk
width of all the fabricated devices was controlled to 0.5-1
pm. Fig. 30 shows the side view of fabricated devices. For
larger devices, almost square cross section of InP pedestals
caused by the anisotropic etching was observed. It may caus8)
the scattering loss and inuniform carrier diffusion. For smaller 6)
devices, the cross section was almost circular. In general, it is
easier to control the wet etching for smaller devices.

3)

in the same wafer.

Large optical confinement factdrinto CS-MQW!t was
calculated for the disk waveguide to be 7.8%. This value
is 2.5 times larger than that for typical GalnAsP—InP
waveguide.

Low absorption loss of nearly 5 cam™—! owing to the

air claddings of the disk waveguide.

Scattering Loss at Disk Surfaces and Ed@eattering
loss at disk surfaces may be much increased by large
An of the disk waveguide. Fig. 32 shows the scattering
loss calculated from the perturbation theory [92], where
normalized frequency = k.ni(d/2)\/n? —n3 was
fixed to 1.34. It is estimated to be nearly 5 chwhen

the surface roughness is 2 nm. Similarly, 60 ¢nwas
estimated for the edge roughness of 10 nm.

Diffraction loss approximated in [90].

Recombination at p-side disk surface with velocity
Electron concentration at p-side surface (GRIN layer
surface) was assumed to be 20% of that in CS-MQW.
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Fig. 30. SEM views of fabricated microdisk laser with diameter of (g)r8, (b) 3 ¢m, and (c) 2pm.
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Fig. 31. Theoretical curve and experimental plots of light output versus

current characteristic, and lasing spectra gfr3-diameter device. Fig. 32. Scattering loss of semiconductor/air waveguide with roughness
amplitude ofc and correlation lengti3.

7) Current passing through the center region, which does
not contribute to laser oscillation. Fig. 34 shows spontaneous emission spectra observed for
8) Decay of carrier concentration toward the disk edge. 3tzm-diameter device under cw condition. Even when the
was approximated byVi, exp[—(r — 7 )/Laig]|rin/7, CUrrent was as low as 20-50A, sharp resonant peaks with
wherelN;, andr;, are carrier concentration and radius oFWHM of nearly 1 nm were observed. The cauifycalculated
the center region, respectively, ahd;y is the diffusion from this resonant width and the wavelength is 1595. This
length. In the calculation]. was fixed to2 pm. value almost accords with that estimated from the total cavity
9) Small spontaneous emission rate caused by the ltegs assumed in Fig. 33. For current of 208, ratio of the
effective index of the disk waveguide, as seen from (2nain mode intensity to the background spontaneous emission
In the calculation, the effective index was assumed t@as over 10 dB. However, the FWHM was 0.5 nm and still
be 2.65. wider than the resolution limit of the measurement. For this
Experimental threshold current was plotted with theoreticaurrent, five resonant modes with wavelength separation of
curves, as shown in Fig. 33. It was noticed in the calculaticty—38 nm were observed. When considering the nearly 4%
that threshold current is sensitive to the surface recombinatitsgée mode radiation toward upper and lower directions, this
velocity v, and the assumed carrier concentration at the GRiXavelength separation corresponds(fofactor of 0.33-0.46
layer surface as well as the total cavity loss. As seen in Fig. 381 spectral widthAA,; of 80 nm, which was observed for
experimental data fit to theoretical curvesgf= 0.5-3x 10* GalnAsP—InP CS-MQW stripe lasers with injection current
cm/s. Low threshold of 8@A is expected for diameter of 1.5 density nearly 1 kA/cth The widerA), seen in Fig. 33 may
pm if the surface recombination is suppressed to negligibte caused by the radiation from the center region with a higher
order by some passivation of disk surfaces [92]. carrier density than that at the disk edge. The arrows indicate
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resonant wavelengths predicted from the mode calculatior. —20
Accordance between the experiment and the theory was seen
for three wavelengths, but rest two in the experiment shifted e
to longer wavelengths. This may be caused by the splitting 1.45 1.50 1.55 1.60 1.65
of neighboring modes, which cannot be predicted by the Wavelength [um]

approximate simulation. Two modes with narrow Spectrufly 34. spontaneous emission spectra fropng-diameter microdisk laser
correspond to typical whispering gallery modes, as seen dider CW condition.

Fig. 27(a) and (b), while the rest three with broad spectrum

correspond to those rounding inside, as shown in Fig. 27
and (d). With current injection, the main mode blue-shifted
lower injection level and then red-shifted at higher injectio
level. These are caused by the plasma effect and the tem

gythresholdless lasing operation; 2) LED-like operation with
sponse comparable to those of laser diodes with relatively
Qy pump density; and 3) ultrahigh-speed lasing operation with

ature increase, respectively. From the amount of the red shjfts pump density. Requirements for. actual mlcroce_lvm_es are
thermal resistance of this device is estimated to be 1400fts ultra-small mode volume, a cavity at least satisfying
K/W. The thermal resistance of GalnAsP—InP VCSEL's with®! < Aw, and a a negligible surface recombination. For
diameter of 3um was calculated to be 4000-20000 K/w fofN ideal 3-D photonic crystal with one irregular atom, the
various mirror materials [93], [94]. Even compared with th@resholdless operation as well as the increase of spontaneous

largest value, the evaluated thermal resistance for the disk Ia§ _SSiOU rate by factor 8 are expected. For 2-D crystals_ an_d
is larger by factor 8. It seems to be caused by the disk expod&dSpering gallery mode cavities, the thresholdless operation is

to the air with no heat sinking structures, and will be improvedSC €xpected, but the alternation of spontaneous emission rate
by integrating a metal wire for the p-side contact. may be negligible due to the insufficient optical confinement.

In anyway, disk cavities have potentiality for thresholdless To obtain a high efficiency in microcavity IaS_er for injectiqn
lasing operation by current injection even with present tecfUent lower than 1 mA, surface recombination velocity
nologies. An interesting feature of this type of device is thgSS than 1x 10 cm/s is crucial. GalnAsP—InP system is
independence of cavity loss from cavity size in the range tH&Pected to satisfy this condition. Fabrications of photonic
diffraction loss is negligible in compared to other losses, i.€7yStals and whispering gallery mode cavities require a high
D> 0.8\ (1.2 um for A = 1.55 um). This critical size will @SPect ratio over 10, smooth surfaces and/or sidewalls with

be realized without any special technical improvements bigughness much less than 5 nm, and adaptability to arbitrary
the reduction of sidewall inclination to obtain sufficient siz€Napes. At present, Gkbased RIBE seems to be the most

of top contact. Precise theoretical estimation and experimerRiMising method that exhibits sufficient performance for the
examination on cavityQ and lasing performance under thdatter two requirements and has room for the improvement

ultimate conditionD < 0.8 \ are the next issue. of aspect ratio (presently 4) by a multilayer etching mask. A
2-D photonic crystal constructed by GalnAsP-InP columns

was designed and fabricated using the RIBE. A polarized
emission and peculiar transmission spectra were observed,
The alternation of spontaneous emission rate is possiblewhich could be explained by the photonic band calculation.
a microcavity even with a broadening of electron transitioHowever, some additional effort is necessary to achieve perfect
spectrum, if the cavity size satisfies the single-mode condlithibition of spontaneous emission at photonic bandgaps and
tion that only one cavity mode is allowed in the transitiom high<) resonance applicable to lasers. In contrast to this,
spectrum. It originates from the enhancement of vacuumicrodisk cavity, which is one of the whispering gallery mode
field amplitude in such an ultimate small cavity. Performanamvities, easily achieves ultralow-threshold lasing operation
expected in a microcavity laser is summarized as followwith current injection, even when the size is very close to the

VI. CONCLUSION
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Fig. 35. Relation of relative confinement factby., mode standing wave of cavity and active regions.

ultimate condition. In this study, threshold current of 0.2 mAvherel’, is defined as [95]

was obtained for disk diameter of.@n. Sharp resonances were 17 17

observed even with current less than /8, which indicates .= — E? &r / — / E?dr  (15)

the cavity @ over 1500. Precise theoretical estimation and a Jactive Ve Jeavity

experimental examination on cavify and lasing performance - ingicates how efficiently the mode standing wave overlaps
under the ultimate condition are of great interest. For thei the active region. It is related B as

experimental examination, cw lasing operation is crucial. Since

there remains only some minor technical problems, they Wilﬁﬂ _ / n2 2 dgT// n2E? o — N2V, T,. (16)
= A . =Sl
active cavity c

soon be perfomed in future studies. 2

As shown in Fig. 35,I', is maximally changed from 0-8,
APPENDIX A depending on the relation of mode standing wave and the
STIMULATED AND SPONTANEOUS EMISSION RATES shape and position of active region. However, when the cavity
By some modification of Fermi’'s golden rule, the nehas many modes, this change is averaged to 1. For small
recombination ratd?(r) of a dipole at positiorr is given by broadening off,, (14) is simplified to
o0 g 2 pdwine
Ry = [ e B ) - ) Ry = 0 (17)
0
“SVab(w —wi) + f2(1 = fi)p(w)] dw  (11) In a microcavity with discrete modes, the mode interxal

is obtained by taking the reciprocal of (12) as
where 1 is the amplitude of dipole momentf; the electric y g P (12)

field amplitude of light,f, and f, Fermi-Dirac distributions AQ = 2r2¢e?
of conduction and valence bands, respectively, atite mode o nd, Vew?
density. Assuming the uniform distribution of dipoles, the _ _ _
term ;2 fo(1 — f1) is replaced by(yio/3)F,, Where 1/3 is where faptor 2 c_)f (1_2) and the (_j|s_per5|onmgt‘ were !g_nored.
the probability of dipole orientation an#,,, is the transition For cavities satisfying the semi-single mode condition of (3),

3ncieg

(18)

spectrum normalized so th&f® £, dw = 1. In a large cavity, 2we2 12wl Aw, /2

p is given as Ry, = - — X - (19)
o o 3eong, Ve T{ws — we)? + (Aws/2)?]

pdw = QL;TL;(] L W—;f"ﬂ .dw (12)  Taking average of the first term of (11) with respectrto

2n2c? dw 2nZc and using (13)

where factor 2 indicates two polarizations. The equivalent 2V w2 o I a2 F

index ne, is given by Ry = 22T, 3’“:;5; S 371025; . (20)

eq’ ¢ a a
Z”Eq/ y ek (r,w) dr APPENDIX B

cavity

SPONTANEOUS EMISSION RATE IN PHOTONIC CRYSTALS

_ 2 2 3,
= 2/mvit con (NE(r,w)dr=hw  (13)  ggjg anglesQ*™ and Q5% occupied by leaky mode
Y radiations in 1-D and 2-D crystals, respectively, are given by

wheren(r) is the index distribution of cavity, and the right loak
side is the normalization condition of electromagnetic energy QY =dr (1 — AXy/2)g) (21)
of mode standing waven.g is the effective index defined as Qlaky 4t AN A — (1/( AN /AN2]. (22
Nell = Mleq + w(dneq/dw). Ryp is averaged by integrating the > [ \/( ofAa) = (/) AA/ X)) (22)
second term of (11) with respect toin the active region and The assumption for leaky modes in Section IV gives the ratio
dividing by V,. Using (12) and (13), ~ in 1-D and 2-D crystals without irregular atoms as

2,2 [=1e] leak Qleak

e 1o 3 Pett 1,2
Ry, = 3 / W neg 'y Iy dw (14) o= . =
3nceg Jo Nrof 47

(23)
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Fig. 36. Dependence of spontaneous emission rate and normalized width of

photonic bandgap in 1-D crystal on refractive index of low index layer

where nk2k s the average effective index of leaky modegzavity with mirror interval ofl., when assuming;

For 3-D crystals,

leak
Neg

Nref

3 (24)

/ Fy, dA.
[A=Ag|> AN,
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In 2-D crystals, radiation solid angle of resonant mode is

dm\ /AN /A5, and

_ gi?ky QIQeaky + Theq I (30)
P e A et dmn2 Lo Ly JAN N,
For one resonant mode,
res e F7)‘§
2 = . (31)

Poef 4rn2 Ly Ly AN,

In 3-D crystals, radiation solid angle of resonant modénisif
the volume of localized field is regarded as the cavity volume
V., (4)—(6) can be used. Rewriting (5) into the same form as

(25) and (30):
/|A>\g [>ANg

I3
27203 Lo LyL. (AN /A,)

It is noticed from (27)—(29) thah A, /A, for 1-D crystals is

nearly equal to the mode interva), /2n., L. for Fabry—Perot
leaky

leak
— Negt

Tiref

res

Flp dA+ <1
Nyef

32

~ neq
andd,. = \;/n;. Let me consider the same correspondence
to 2-D and 3-D. The mode interval for 3-D is given by (18),
which can be rewritten adX, /X, ~ A3 /4mnd L. L,L.. For
2-D, AN /Ay ~ A§/27rn§quLy. Using (25), (30), and (32)
and radiation solid angle of resonant mode for each structure,

Resonant modes in 1-D crystals with an irregular atom haveand 3 are obtained forA\,/)\, = Aw,/w,, as shown in

radiation solid angle o2rAX;/A; = 27 Aw;/ws. 1 for all
modes is derived as

_ i
Y1 = :
Tiref

leak
Lk
4

Neq  LrAs

(25)

Tiref 4neqL

Fig. 15.
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M
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From the theory of multilayer films [71],

A)\)\g = Ay = 4 six

. 1_1 <nh - 711) (27)
ny, 41y

g Wy

wheren;, andn; are indexes of higher and lower index layers,[2]

respectively. Neglecting the dispersion /i,

leak

Neg ~ /MR-

(28)

Whend, is the multiple ofX;/n;, andn.q = ., L. is given
by [96]

As
2np, mp— My

ny

L.=d.+

(29)
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