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different energy for every wave number k, the later has the same energy. This is the
reason why line-width is narrow.
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Fig.2-1. Schematic conduction band diagram of diagonal transition type

quantum cascade lasers.
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Fig.2-2. Schematic conduction band diagram of vertical transition type
guantum cascade lasers.
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Fig.2-4. Schematic conduction band diagram of bound-to-continuum type
quantum cascade lasers.
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Fig.2-5. Comparison quantum well with quantum dot. Density of states of electrons in a
quantum dot is discrete, while that in a quantum well is stair-like shape.
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Fig.2-6. Left figure is schematic representation of coupled-dot array. One period is composed
of a pair of dots, three AlGaAs barriers, and a GaAs injection layer. Right figure shows

stacked layers of coupled-dot arrays. [Reprinted from reference ]
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Fig.2-7. (Left image) I-L curves of surface emitting quantum cascade second order DFB
lasers.Inset shows its SEM image. (Right image) Far-field distribution of the surface
emission in two orthogonal direction (along and perpendicular to the waveguide).
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Fig.2-8. Left image shows the schematic image of QC lasers using photonic crystal as
high reflactive mirror and right image shows the SEM image of fabricatied QC
photonic crystal lasers.
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Fig.2-9. (Upper left) Calculated 2D photonic band structure.(Upper right) Top view SEM image
of fabricated PC structure. (Lower left) Tuning of the laser emission wavelength as a function of
a and r/a. (Lower right) Polarized near-field emission pattern.
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Fig. 3-1. Layer structure and doping profile of grown quantum cascade
structure, which were designed by H.Page et al.
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Fig.3-5. Surface temperature sequence on thermal cleaning and growth of GaAs QC structure.
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Fig.3-6. High-resolution X-ray diffraction rocking-curve.Blue line is the simulated result

of design structure and Red one is the measured result. Inset is the enlarged picture for
center. The distance between the two peaks reflects the Al composition.
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Fig.3-8. (a) Surface images observed with optical microscope. Magnification power of upper left
image is 5 and lower right one is 50. There are many typical oval defects. (b) Cross-sectional images
observed with SEM. Upper left image represents clad layer, core layer, and active region. Lower
right one does enlarged image of active region.
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Spin-coating; 500rpm 5sec
3000rpm 40sec
Baking; 90°C 10min
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7.Photolithograpy Resist; AZ1500(20cp)
Spin-coating; 500rpm 5sec

3000rpm 40sec
—/;\— Baking; 90°C 10min
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Fig.3-9. Process flow of the mesa structure. One of the characteristics of the mesa structure
for QC-Lasers is deep-etched structure becouse of week influence of surface recombination.
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Fig.3-10. Cross-sectional SEM image of processed sample.

Sub-mount Sn
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Fig.3-11. Optical microscope image of QC Laser mounted on heat sink.
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Fig.3-12. Schematics of the I-V-L measurement system.
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WE U7z 1-V-L FMERE R A Fig.3-13 12, JIE L7z ¥ > 7 UiE A Vg 45um, ERas &
1.59mm, HIESRMITM Y K UJEEEE 2kHz, XL ATE 200ns (7 = —7 ¢ —t 0.04%) . iR
21K Th b, 44KAICM2 1T & CRMICHIRENHR L T, L—FRIIRLTNnDH Z &N
R TE D,

Voltage (V)
Optical Power (mW)

0 1 2 3 s 5
Current density (kA/cm?)

Fig.3-13. Light-current (L-1) and Voltage-current (V-1) characteristics for a 1.59mm X 45um
device.Operating condition is below.-Pepetition frequency;2kHz, pulse width;200nm,
temperature 21K.
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Fig.3-14. Temperature dependence of the threshold current density.
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Fig.3-15. Measured threshold current density vs reciprocal cavity length at 20K.
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Fig.3-16. Schematics of the spectra measurement system.
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Fig.3-17. Mesured lasing spectra at several current value. Average longitudinal mode
spacing is 5.56nm which is almost the same value estimated by refractive index, cavity
length, and center wavelength.
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Fig.4-1. Schematic diagram of quantum cascade lasers with the various tunneling and
relaxation process indicated by arrows. “n” expresses carrier sheet density in level 1-3 and
“1” relaxation time between two levels
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v,(r)= z fin (DU, (1) (4-2-1)

ik-r

fin(r)= ﬁe @, (X) (4-2-2)
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JEHIBEE, (1) 23 xyz OWF RN 1O 0L K2 G0 om TR s D & L, X(4-2-3)

DMEFATRL D SR, BLU N ORDNE S A2 T UX 0T 720,

h? 0°
- — +V(x X)=E X 4-2-4
( 2m (x) ox° ( )j(ﬂn( )=E,0,(X) (4-2-4)
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HIRT v VORI & it 32 FRRICIFE SN2 ENgnbd, LFTIEZ 0ok
BIE @, (X) 23R8 D 72 8 DFFMTHY 72 BT DN TR R 5,
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0 0
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]+V(@ (4-2-7)
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/) 1
: __7&(m (x)& (X)] (4-2:8)
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Fig.4-2. A value of envelop function and effective mass at x;. Linear increase
is assumed for minute interval.
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E- Ai,l _A1,2 0 0
_Az,l E- Az,z _Az,s - :
p,(E)=| O . : k>2 (4-2-17)
: i . E- Ak—l,k—l _Ak—l,k
0 _Ak,k—l E_Ak,k
F72 k=01 1T/ LTI F O L D ITEHET D,
P (E) =1 (4-2-18)
pl(E) =E- A1,1 (4-2-19)

22T, p(E) ixkoMift XA 7-7,
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Table 4-1. Engen value and energy spacing between radiation initial state E9 and final
state E6, and between final state E6 and ground state E4 in emittion layers

E1 E2 Es3 Ea4 Es Es E7
282.83 311.15 333.69 339.58 366.09 380.34 408.71
Es Eo E10 E11 E12 E13 E14
498.81 516.21 527.11 549.74 582.15 583.95 624.75

Eo-E6 135.87 [meV]
Es-Ea4 40.76
1
-0 F=48kV/cm2
0.8 M i
[\H |
0.7+ |
J//\ A i
< 0.6} o~ % J RN 4
& g1 ML kv s wi i mmm
o 0.5 ! v B
0 oab L ]_\u f}gg V |
_\U i ~A Ay
0.3F Nl 7
]
0.2+ ~ _
0.1 |
~
~_]
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Fig.4-3. Caluculated envelop function at electric field 48kV/cm®. Red line is the envelop
function for the electron which is in injection layers and blue one is for emittion layers.
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55 3H ERANRERE

BTN RETORERA =X 5E LTIE, LO, LA 74 /7 UHGEL, Rl 7 7 2 AL, A~
MBEL, BABELR ENBEFEND B8 Leuliet HIC k> TEHE I, HDEEFH A —
RGBT 5. 2B OfE% Table.d-2 (2533 %,

Table.4-2. Comparison between the different scattering processes for an electron on the n=3
subband. Lifetimes are presented for 3—2 transition (t3,) and for the total scattering time (t3).
[Reprinted from the reference 89]

Scattering mechanism T32(ps) 73(ps)
LO phonons 29 1.3
Interface roughness 5.26 2.5
LA phonons 100 60.6
Impurities 2.8 10° 1.9 % 10°
Alloy scattering 9.6 5.6

ZOFRERND, LO 74/ VHGELC X DRI A R b <. LA 7+ / UHGEL, AR HEGELIC
LB+ EL, TORBIIEHE CX I LETHL I ENNND, LO 74/ VLY
—%1%@#5%@# IREIKGFELTEY, #AL2 & 1B 2Z0RBIIMDO A =X

WCEDEEBIV LRIV ENTHEND, TOXIRBENL, ZITHELO 74/ U
LI K DRERIREE O A A FHH T D 2 & & T 5,

Y7 R RO LO 7 /7 U HELRE R 7, 127 =V X OB BENTZ L FORD HRD

B LN TE L ON

i% -25%%§1 - )j delné?) (4-3-1)
Q = (k” +k,> —2kk, cos§)"? (4-3-2)
K2 =k 2T —haoy) (4-3-3)

1"(Q) = [ dz[ dz'g, (D)o, (D) (200, (2) (4-3-4)

ZITe,, e 3ENTNEABEMRTOFERLFHIFERTH D,
ZZTHEHBHLE FOREEZERTILIN, TN RINTO LO 7 # / VEELEERIIE 7 R
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— Intra-subband scattering through LO phonon

Fig.4-4. Possibility of LO phonon emission and sbsorption which depends on
trandision energy.
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Table 4-2. Calculated carrier transition time from subband level 9 and 6 to lower energy
state than that each levels by LO phonon emission and absorption.

from

o 1 2 3 4 5 6 7

8

32002.085 2447.739 16.163 4.202 16.647 2.580 83.234 Inf

38462.946 2934.236 20.130 5.289 22.102 3.530 127.691 5.174

72.328 10.856 1.494 0.345 Inf
99.069 16.884 2.942 0.920 1.891

Upper : Emission
Lower : Absorption
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Fig.4-5. Three bad factors which lead to increase in the threshold current density and disturb
high temperature operation. The way to realization of the high temperature operation is to
desian the structures which suppress these influences.
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stage vs heat sink temperature.
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Fig.4-7. Calculated transmission spectrum for injection layers.
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Table 4-3. Comparison of LO phonon scattering time calculated without or with
taking carrier leakage from subband level 3 to injection layers into account.

Basic Advanced
emission | emission tabsorption
T32 2.58 2.58 3.53
13 1.599 1.316 1.301
T2 0.345 0.272 0.494
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Fig.4-8. Comparison among experimental result and simulated curves.
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Fig.4-10. Algorithm of the self-consistent caululation.

EFTIIH 6 HETOL T, —FRRERAMUE L., BEEEEZFHET 5 (55 2 #io Fig4-3
M), 22T, FELENRENOY TR RICZRXAX—=PN/NSWNEFNLESERD . %
HE IR S AL DN 2 4,6,9,13, AMIOIEANBICIERL S DM A 1,2,35,7, ZEMIOEA
JEIZHER S D YERL & 8,10,11,12,14 L 95, IRIZ 1~14 F TOETOEENDF v U THEN
HLL, £ 1 BAHOLT-VOX % VT EEOMMEANEDO R— U ZRELELWET
Do HOHWENOF v U THEENREIE, (4-3-1)-(4-3-4) & > TEDOHEN B Z DA 13
EOHEN ~OFFRFR ZFHE T2 ENTE D, TO XD LT, 14X14 OFEFIRERF % 5
BLEL, X (4-6-1) TREIND LI REFRETOL— FHFREANLLETOREMDOX v
U7 EEERFE LET,

{225

CIZTHRIFELFELEIIC, LEAMYET-VOX Y U TEEOMN R—E L ZIRELHE L
DEINTHELELITRS, ZOXIITH Y VT EELFAE L, BARMEZHEL, BOF
YUTHEEELZHETHIENWIZ b, BELESY UV THEEOEMNMIOND L THRYIEL
7GR Fig.4-11 (2”7,

55



410"
3.510" ]
D 310" -
£
< 2.510" - B
> Ground states
5 ——5
$ 210" B
© ‘ et
o} ul The lowest states in the ——9
= 1510 .. a
= emission layers
O
110" H
5 1010 I
AN
0 5 10 15 20
Iteration
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Fig.4-12. Carrier distribution in the quantum cascade structures. The great majority of
the carriers exist in the injection layers.
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V(z)=-> E(z,)dz+V(z,) (4-6-0)
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Fig.4-13. Conduction band diagram and the subband structures calculated by
self-consistent solution of Schrodinger’s equation with Poisson’s equation.
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Fig.5-1. Schematic images of the 2D photonic crystal distributed feedback lasers and 2D
photonic crystal micro-(nano-) cavitiy lasers.The former operates in the region of the
energy momentum space with a high photonic density of states (point A in the figure(c)), the
later operates at the defect mode frequency inside the bandgap.
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Fig.5-2. Slab waveguide structure comprising three layers which has symmetry refractive index for x
axis and equal ones infinitely for y and z axis.
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Fig.5-3. Light line of (a) TE-like mode and (b) TM-like mode
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Fig.5-4. Relationship among vector nko,B,p,h. (a) image shows relationship in the
low index region and (b) in high index region.
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Fig.5-5. Equation pd=hdtan(hd) for TE even mode , pd= - hdcot(hd) for TE odd mode,
leaded from the continuation requirement of E,, H, at core-clad boundary, and equation
(pd)?+(hd)*=(n,?-n,?)ky’d, leaded from wave equation.
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X% Table5-1 1 &5,

Table 5-1. Mode function in slab waveguide.

Mode Function

Eigenvalue Equation

Hy = A'I'M,even COS(hX) exp(—iﬂZ)
H y = A1'M,even COS(hd)exp[— p(|X| - d) - Iﬁz]

Mode
Upper Section X/ <d
PP 4 (pd)? +(hd)? = (n; —n?)k7d?
Lower Section  [x/>d
X
A
2 z
] E = h _j
y A‘TE,even COS( X) exp( IﬂZ) - pd _ hd tan(hd)
Ey T Ey = ATE,even COS(hd)eXp[—p(|x|—d)—lﬂz]
X
A
- E, = A SIN(X) exp(=i fz)
— ’ /;TE' " pd = —hd cot(hd)
5 E, = 5 e SN0 XpL p(x|-d)-ipz]
X
A

2
pd =[ﬁj hd tan(hd)
nZ

H y = ATM,odd Sin(hX) eXp(—iﬂZ)

H, ﬁATM,m sin(hd) exp[—p(x|-d) -i4z]

2
pd = —(ﬂj hd cot(hd)
n2
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Fig.5-6. Reflactive index profile of three layer symmetric slab waveguide.
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Fig.5-8. Inteisity of electric field for TM-like fundamental mode (blue line)
and TE-like fundamental mode.
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Fig.5-9. Dispersion curve fot TM-like mode in the slab waveguide.
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Table 5-2. Calculated effective index for six TM-like modes.
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Fig.5-24. Mode profile of point A, B, and C. The lowest and highest frequency mode are
TM-like mode, and the middle is TE-like mode.
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Fig.5-27. Designed three type cavity

—(a@)H1, (b)L2, and (c)L3 type. Right

images are mode profile of defect mode. Intesity of electric field is large only
near defect, whch means that defect works as micro cavity.
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1.SiO, sputtering& Resist spin-coating & EB-lithography

2.Development

— N o A s N s O s Y s |

3.Si0, Dry-etching (Freon)

4.GaAs Dry-etching (Cl,)

UL

5.Si0, Wet-etching

- UL

Fig.5-28. Process flow to fabricate photonic crystal.
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4.Si02 Wet-Etching
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5.Photolithography
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l

7.Thin Metal Evaporation

N

Fig.5-29. Process flow to fabricate electrode pad and mesa structure.
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882436 18.8kV X1.58K 2@8.8»m BB2436 18.8kV XB8.81K 3.74rm

Fig.5-30. Sureface SEM image (a) and cross-sectional image (b).
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Fig.5-31. SEM image of electrode pad fabricated by two resist layers method.
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Appendix 1 AlGaAs JBE % DR TR DT A R RIETEEIZ OV T
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D XRD JIERERZ /RS, o7 NESD B8INEH 1 ETHW -7 ThY, B429,432
R W72 L, B439 MRE T2 ANz v 7L Th 5, B4A29 1% B289 LTSI CTHE
L7ebDTHDHH, REOVHENRRY L oo lziod, lEROEBIREZ 20CI1F L Eif
L8, REFTEESBELEELZL 0N B432 THDH, B4A39 b kE TR OAHELISMT B4A36
EREHTRELIELDOTH D,

B289
—B429
—B432

angle (deg.)

Fig.1-a. Comparison among XRD measurement results of the four samples grown
under different growth condition
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Current (A) Current (A)
. Threshold Current Maximum Operation
Cavity Length .
Density Temperature
B289 1.41mm 5.94kA/cm? 197K
B429 1.40mm 8.69kA/cm? 70K
B432 1.32mm 4.5kA/cm? 237K
B439 1.44mm 6.05kA/cm? (120K)

Fig.1-b. Comparison among I-V and I-L characteristics of four devices
(B289,429,432,439). Lower table shows cavity length ,threshold current density at 20K,
and maximum operation temperature of these devices.
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Appendix 2 TE. TM-like ZEE— FOBEBLEE E O K/NEEFRIZONT

AR FEAIZERIL T + h =y ZEERICB W T L IRO TE, TM-like & — RN OB JEH#k D
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IR > T Dl EER L TW5,) & LT 2 R EECL VAR L7+ b=y
N R % Fig.2-a 12T,
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|

-
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Fig.2-a. Photonic band structure of imaginary photonic crystal with infinite thichness.
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Thickness of Core layer

Fig.2-b. Schematics of difference between dispersion cureves for TM-like
and TE-like mode.
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