Excited State Optical Transitions in
Quantum Cascade Lasers
for Lower Thresholds and
Multi-Wavelength Emission

Kale J. Franz, Stefan Menzel*, Anthony J. Hoffman,
Daniel Wasserman, Kuen-Ting Shiu*¥*, Stephen R. Forrest*#,

and Claire Gmachl

Department of Electrical Engineering
Princeton University, Princeton, NJ 08544

* University of Sheffield, Sheffield S3 7RH, United Kingdom

** Current address: Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor, MI 48109

Department of Electrical Engineering Princeton University
10 Sept 2007 Intersubband Transitions in Quantum Wells



600 ¢
* QC emitters: TN M
T . " . 111 1™
a “designer” material a00 11| | [-HE M o
s A AR s
Q e a NS ~
E 2001 | \‘ R
° ° a - Ia .
® Limited by o VU A
design space Ui LT i
2009 E = 47 kviem “NU L
--1;)0 (I) 1(|)0 260 3(|)0 460 560 G(I)O
Position (A)
o, +o T drg z
— m w _ 14 ul
Jth o g_Tu 1-

gl (2, gO/IOneﬁ”Lp 2V

Department of Electrical Engineering Princeton University
10 Sept 2007 Intersubband Transitions in Quantum Wells 2



* Optical absorption
®* Upper laser level litetime
®* Coupling efficiency

50 | bulk InGaAs ® 2.0 [ ° InGaAs / AlinAs : InP
n=1x10'7 cm-3 - e s PR \VaVaVaVi
1—” [ . B % = 400
] = L >
§ 40 - o g 15 3 Em 'S0 AVAVAVA
2 30! . E | % Bl VNV
§ ® - i " “ 100 L/\/\._
c 1.0 .‘. 1.-/\%\»,-.
.'3 20+ ¢ 2 I L ’ 150 A
% e @ i . o
. ° @
% 10l . ° E 0.5 [ ¢ L LI
. ®e
= o ®
0 T T T T T T T T T T T 0-0 T T T Y T L T r T v T T I L
4 6 8 10 12 14 16 5 10 15 20 25 30 35
Wavelength (um) Transition Wavelength (pm)
Department of Electrical Engineering Princeton University

10 Sept 2007

Intersubband Transitions in Quantum Wells 3



g o 22 = (g, (), (2))]

o
27/u€

roughness

42

] ta
= o

Optical Dipole Matrix Element (A)

e

'§-4w- 5, = 125 meV
" E 300 \
i / .E
200 - p 54
100 | g
" Ca
° -

- ' width= 1504 A .0

/ €32

I .321 € =125 meV
160 I 140 I 11"0 I 150 I *HIIU I 1%0 I
Well Width (A)

especially useful for longer-
wavelength optical transitions

Department of Electrical Engineering

Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells 4



N

o

o
l

(L

I

o
|

Energy (meV)

) D

L
L

L

E =31 kVicm

g p

Position (A)

|
800

| °E,= 83.6 meV

°z,=50.3 A

* 7= 0.586 ps
| *7,=0.215ps
| * 7., =19ps

*FoM = 1313 ps A2
227, = 1483 ps A2

| *220.E =124 ps A2eV

Department of Electrical Engineering

10 Sept 2007 Intersubband Transitions in Quantum Wells

Princeton University
5



C. Gmachl et al. (1998)

13 ym Diagonal Transition A4

A. Tredicucci et al. (1999)
17 um Superlattice

— Injection barrier

M. Rochat et al. (2001) .} = i1l

L~ ]

15.6 um B-to-C

15 um Excited State (2007)

et

69.8

Department of Electrical Engineering

10 Sept 2007 Intersubband Transitions in Quantum Wells

Princeton University
6



600 {1~
A
400 N+ DA
— = — g
E 200— D P T P N /\.__,/'\._,:ﬂD P
~ aT—" ms e e SR VNN
- 1 ——
2 L ’ B o o
(1] 0 _ S A1
: [ ]
L ]
200 _ A=9.5uym ~_ i
E =65 kV/cm ~ [
| | | | | | |
-100 0 100 200 300 400 500
Position (A)
Department of Electrical Engineering Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells

7



Wavelength (pm) Wavelength (um)
81 83 , 90 92 94 g8 10 12

[ J (kA/em?) E(kM [ J(kAlcm®) E (kV/cm)
' a2 76.3 ; 6.5 76.3
- || 6.8 75'UWW i 4.6 73.7

[ —’_MJ\/\‘
‘ J‘ 6. 75.4

_ [ 3.0 70.4

- L 80 75.0 i 2.2 68.

! 5.5 747 [ 1.9 66.6

Intensity (a.u., offset)

1225 1200 1125 1100 1075 1050 1750 1500 1250 '110b0
Wavenumber (cm™) Wavenumber (cm’)
Department of Electrical Engineering Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells 8



600 5
N : r~
pZA Y i\ = ARG SOV V. VA
400 4R N AAA—
3 s ~
£ 200- HININ mvglﬁ:,\
% * \\ L3 = !E! | \./--__
E, T ~ 3 —1 £ ;Au_?\\_:
¢ of N | HH-HRA
c L I SNENERET
'-” 7
-200 ~~
E =65 kV/cm ~ L
= )
T T T I T T T
-100 0 100 200 300 400 500
Position (A)

Applied Field (kV/cm)
N B D b DI I Y | -] 0
A A e R

o (] [} o [ [ ]
O O
o I/ || o l/ l/
o | G
€54 842. &3 &5

62

110

T I T I T I T I I T T T I T I
120 130 140 150 160 170 180 190
Transition Energy (meV)

Department of Electrical Engineering

10 Sept 2007

Intersubband Transitions in Quantum Wells

Princeton University
9




Emission Energy (meV)

350 300 250 200 150 100
'. Theory 151.8 meV 1 80 kV/cm

6'54 = 134.7 meV

— I &4, = 183.4 meV

= | &;;= 189.1 meV il Ry
gl &, = 219.1meV I\ |

21 &,, = 288.1meV 189.2 meV

.

£ 228.5 meV l

296.5 meV l

l

2000 1500 1000

2500

-1
Wavenumber {(cm )
Department of Electrical Engineering Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells 10



600 -
] 5
v - N o N a0 NI N P
EZAYEN
400 AJ:“:“ — 4
= 200 - J __-—___d_—_h__..a j \AVQ:ﬁa(:s\ \_/
> 43... N
. B — - ___:—_______ e ja:ﬁf-k’: —1
8 0 - ~ [ 1 - ( 5
- i
200 T oy 4
E =65 kV/icm INEY
| | | | | | T - 2
-100 0 100 200 300 400 500
Position (A)
Department of Electrical Engineering Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells 11



A2 9.51]“1

Peak Power (mW)

[
e 4 O —
ﬁ ...........
o 2
o

0. i
Gay ot

ep 20 3 ]

°s,'ﬂ°n 0 Current (A)

1

-
™

=5
o

on

Voltage {V)

o

boxcar
gate

ﬂ
At
WMW"' 8.2 8.3 WM::M - Im‘ UMW:}:M

light pulse (t)

high pass
\ filter
4*.

| .. |
iy MMW‘W rosietussroes PO e
8.2 8.3 9.2 2.3 2.4 8.1 8.2 8.3 9.2

8.1

— L

light pulse (t)

wavelénglh (pmi

i

i UM\W AP

2.3

J_\_N

light pulse (t)

Department of Electrical Engineering
10 Sept 2007

Intersubband Transitions in Quantum Wells

Princeton University
12



12 12,0~ 4=96pm 12. A
m_ —u—2=8.0 ym o~ Pad
o« g ®
g 10 "~ 10- . 10- ]
Q -
° s =

E g : @ﬁ. __'B- @:./:—l " 8- l—-'"".—_./.
= . - —————————
'E: ././.

51 *— T,.=80K & T, =100K ¢ T, = 120K

© 20 40 60 8 0 20 40 60 8 0 20 40 60 80

Gate Position (ns)

S 5

Department of Electrical Engineering Princeton University
10 Sept 2007 Intersubband Transitions in Quantum Wells 13



Appl. Phys. Lett. 90 091104 (2007)

* Excited state transitions: 600 N _
a strategy to lower T
threshold currents EEACEN=]
400 N A ISPV
* Cascaded emission in s [0 o o
semiconductor lasers @ = Al N
£ 200- S MAH Y
gl = et 1 f N
* Acknowledgements 5 tU|l|T JRips Ny mpE t‘
+ MIRTHE (NSF-ERC) ¢ of N o | S G NRS R
+ DARPA L-PAS wo = -
+ POISE I
+ PCCM (NSF-MRSEC) 2000 £ 65 KkViem ~ U
T NSF Graduate Research ' N
Fellowship Program ; ; ; ; . . —
100 0 100 200 300 400 500
Position (A)
Department of Electrical Engineering Princeton University

10 Sept 2007 Intersubband Transitions in Quantum Wells 14




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


