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THz QCL Example Structure

GaAs LTG (250 C) cap layer 35A

GaAs 5x10" cm3 100 A

GaAs 5x10'8 cm3 500 A

Al, ,<Ga, g<As undoped 33.9A (12 ML)
Many GaAs 1.9x106 cm3 161.0 A (57 ML)
Interfaces Al, , Ga, ¢sAs undoped 31.1A (11 ML)
GaAs undoped 96.1 A (34 ML)
Aly,Ga, ¢ As undoped  Thin 48.0 A (17 ML)
GaAs undoped A ccurate 53.7A (19 ML)
Al, ,-Ga, .<As undoped \'? 1.3A (4 ML)
GaAs undoped 53.7A (19 ML)
Repeat Al, ,<Ga, ¢<As undoped\ 14.1 A (5 ML)
163 GaAs undoped ~ No 452 A (16 ML)
. Al, ,-Ga, ¢<As undoped Doping 11.3A (4 ML)
Total Acttll{/%es GaAs undoped 48.0A (17 ML)

. Al ,Ga, g As undoped 33.9A (12 ML)
Thickness GaAs 1.9x1016 cm 161.0 A (57 ML)
~10 um Al Gag oAs undoped \ 3L1A (1L ML)
GaAs undoped Accurate 26.1A (34 ML)
4 1AL, <Ga,As undoped 48.0A (17 ML)

, GaAs 3x10!8 cm3 0.8 um
High Al —>Al ..Ga, 4 As undoped 0.1 um
Uk Content S. 1. GaAs substrate T N CETON
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Terahertz intersubband scattering mechanisms

Population inversion:
J ] T,, =0.3ps depopulation (e-LO)
AN =—1,|1-—%

e T .y . .
2 T3 ,aa ~ 10US  radiative lifetime

must have 73, > 1,
3

T, ., ~100ps

~ Operating Temperature Dependent
=> Growth Does Not Affect, Only Design
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Terahertz intersubband scattering mechanisms

Population inversion:
J - T,, =0.3ps depopulation (e-LO)
wote i

T3 ,aa ~ 10US  radiative lifetime

must have 73, > 1, t ., ~100ps
o

~7-20ps

T e—imp

=> Need VERY Low
Background Impurities
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Growth Conditions/Techniques

" [ssue: Unintentional Background Impurities

= Solutions:
"= Do Not Open System ( > a year)
* Long Slow System Bake Out
» Qutgassing of All Cells & Heaters Prior to Use
» All Unnecessary Filaments Off
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Terahertz intersubband scattering mechanisms

Population inversion:

T,, =0.3ps depopulation (e-LO)

T3 ,aa ~ 10US  radiative lifetime

T, ., ~100ps

~7-20ps

T e—imp

T . ~10ps???

e—int

=> Need VERY Smooth
Interfaces
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Growth Conditions/Techniques

" [ssue: Interface Quality

= Solutions:
» Pauses in Lower Contact Layer
= Growth Temperature 630-635°
= High Rotation Rates 20-30 rpm
= High Al Shutter Speed
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Terahertz intersubband scattering mechanisms

Population inversion:
J - T,, = 0.3 ps depopulation (e-LO)
AN ) _T3 ( _2]

e T3

T3 ,aa ~ 10US  radiative lifetime

must have 73, > 1,

T, ., ~100ps

~7-20ps

T e—imp

T . ~10ps???

e—int

T, ,~ 5-50 ps ?  electron-electron

=> Need No Additional Doping
=> Need Accurate Doping Control

PRINCETON
UNIVERSITY




Growth Conditions/Techniques

» [ssue: Doping Accuracy (<5%)

= Solutions:
= Precalibrate Si1 Cell at Values Desired

= Allow Sufficient Time for Stabilization
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THz QCL Example Structure

GaAs LTG (250 C) cap layer 35A

GaAs 5x10" cm3 100 A

GaAs 5x10'8 cm3 500 A

Al, ,<Ga, g<As undoped 33.9A (12 ML)
Many GaAs 1.9x106 cm3 161.0 A (57 ML)
Interfaces Al, , Ga, ¢sAs undoped 31.1A (11 ML)
GaAs undoped 96.1 A (34 ML)
Aly,Ga, ¢ As undoped  Thin 48.0 A (17 ML)
GaAs undoped A ccurate 53.7A (19 ML)
Al, ,-Ga, .<As undoped \'? 1.3A (4 ML)
GaAs undoped 53.7A (19 ML)
Repeat Al, ,<Ga, ¢<As undoped\ 14.1 A (5 ML)
163 GaAs undoped ~ No 452 A (16 ML)
. Al, ,-Ga, ¢<As undoped Doping 11.3A (4 ML)
Total Acttll{/%es GaAs undoped 48.0A (17 ML)

. Al ,Ga, g As undoped 33.9A (12 ML)
Thickness GaAs 1.9x1016 cm 161.0 A (57 ML)
~10 um Al Gag oAs undoped \ 3L1A (1L ML)
GaAs undoped Accurate 26.1A (34 ML)
4 1AL, <Ga,As undoped 48.0A (17 ML)

, GaAs 3x10!8 cm3 0.8 um
High Al —>Al ..Ga, 4 As undoped 0.1 um
Uk Content S. 1. GaAs substrate T N CETON
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Significance of Layer Thickness

Changed by 2 ML shifted wavelength
from 100pm to 141um
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Growth Conditions/Techniques

* [ssue: Thickness Consistancy/Stability (<1%)

= Solutions:
Allow Sufficient Time for Cells to Stabilize
Determine Cell Stabaility (0.3-5% /um)
Ramp Cell Ga Cell During Growth (0.1-0.2° /hr)
PID Values Carefully Tuned
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Growth Conditions/Techniques

" [ssue: Thickness Accuracy (<1%)

= Solutions:
* Ga & Al RHEED Oscillations Daily

= Numerous measurements taken to 4 sig figs

= Average
* Measure Period by X-ray

= Determine Correction Factor (~1%)
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Growth Conditions/Techniques

= Issue: Al Concentration Accuracy (<0.2%)

= Solutions:
* Ga & Al RHEED Oscillations Daily

= Numerous measurements taken to 4 sig figs
= Average
= (Calculate Concentration
= Adjust Cell Temp if Concentration Not £0.0005 of Target

JOHNS HOPKINS PRINCETON
‘w UNIVERSITY UNIVERSITY




Growth Conditions/Techniques

= [ssue: Thickness & Composition Accuracy

= Solutions:

* Determine RHEED Correction Factor for Every Cell
= Use RHEED to measure growth rate

= Grow sequentially on same day 2 MQWs
= GaAs/AlGaAs AlAs/AlGaAs

= Measure Periods by X-ray

= Determine Correction Factors (~0.1%)
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Single Band THz QCL Growth Accuracy

GaAs  [LTO@S0O apleysr  [35A
. $x 10" em® 100A
5x 10® cm™ 500 A
p A
A X-ray
o a8 A . .

WA
A
A
A .
60A
4SA
0 A
A
IM-
]M-

‘ ) e [0
Structure i 3 “L L?/f )

'b

LTI

3
'b

f

Period Note Evenly Spaced Peaks

X-ray: 312.74
Request: 313.04
=> (.09% Low
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Two Band THz QCL Growth Accuracy

LTG (250-C) cap layer 35A

GaAs

5% 10" em™

100 A

GaAs

5%x10"% em™

Alg.15Gag gsAs

undoped

GaAs

3.3 x 10" ¢m™

Alp.15Gag ssAs

undoped

GaAs

undoped

Alg.15Gap gsAs

undoped

Repeat 88
times

Substack B

Repeat 85
times

" Substack A {

GaAs

5% 10" ¢m™

AlpssGag 4sAs

undoped

Substack A: (FL172C-M12, 2.8-4.2 THz)

GaAs

undoped

95 A.(33.5 ML)

Alp 15Gag gsAs

undoped

17 A (6 ML)

GaAs

undoped

78 A (27.5 ML)

Alp 15Gag gsAs

undoped

37 A (13 ML)

GaAs

1.25 % 10" ecm™

184 A (65 ML)

Alp.15Gag gsAs

undoped

27 A (9.5 ML)

GaAs

undoped

105 A (37 ML)

Aly 15Gag gsAs

undoped

45 A (16 ML)

Total:

3.9% 10" cm™ average

588 A (207.5 ML)

Substack B: (FL175M-M3, 2.0-2.75 THz)

n+ or undoped GaAs

Structure

GaAs

undoped

82 A (29 ML)

Alp15Gag gsAs

undoped

31 A (11 ML)

GaAs

undoped

68 A (24 ML)

Alp.15Gag gsAs

undoped

42 A (15 ML)

GaAs

3.3 x10"%cm?

161 A (57 ML)

Alp.15Gag gsAs

undoped

37 A (13 ML)

GaAs

undoped

93 A (33 ML)

Alp.15Gag gsAs

undoped

51 A (18 ML)

Total:

9.4x 10" cm™ average

565 A (200 ML)
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Two Band THz QCL Growth Accuracy
10067 | Substack A: 2.8-4.2 THZ

| | period=588A
- I Substack B: 2.0-2.75 THz
s I period=565A
_ | “ Structure Summary
B ik Period A: X-ray: 588.64, Request: 588.04
£ | '\ / Period B: X-ray: 561.64, Request: 565.04
- A
RN
1.00e3 | ;j‘ 'k | -ﬂ!'\ b 'I\‘l
v B I |
] If we R |
T ’-?"*4"*’"/ iy “‘%‘ i !i i' O
’ 1.0032‘ X{‘:L'M ?W \!‘V‘W" &rf\- 1:“: ' i".. ;‘l nl!
Vet kA 4.
TR h}f -W}ﬁ?shr' |
1.00e1

66 67I 68

2-theta (deg)

H . Sandi E.a
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Three Band THz QCL Growth Accuracy

GaAs

LTG (250-C) cap layer

35A

GaAs

5x 10" cm™

100 A

Substack A: (FL172C-M12, 2.8-4.2 THz)

GaAs

undoped

95 A (33.5 ML)

GaAs

5% 10" cm™

500 A

|GaAs

undoped

88 A (31 M

Alp.15Gag gsAs

undoped

48A(17M

GaAs

undoped

59A (21 M

GaAs

12x107em® 2.Ye(TF

48 A (17 M

GaAs

undoped

59A (21 Ml

Al 15Gag gsAs

undoped

57 A (20 MI

Repeat 62
times

Substack C (OWI210H-M4)

Repeat 66
times

Substack B (OWI218G-M6)

Repeat 68
times

Substack A (FL172C-M12)

GaAs

5% 10" em™

0.1 um

Alp 55Gag 4sAs

undoped

0.4 um

n+ or undoped GaAs substrate

Structure

Alg.15Gag gsAs

undoped

17 A (6 ML)

GaAs

undoped

78 A (27.5 ML)

Alp,15Gag gsAs

undoped

37 A (13 ML)

GaAs

1.4 x 10" em™

184 A (65 ML)

Alp,15Gag gsAs

undoped

27 A (9.5 ML)

GaAs

undoped

105 A (37 ML)

Alg15Gag gsAs

undoped

45 A (16 ML)

Total:

4.4x 10" em™ average

588 A (207.5 ML)

Substack B: (OWI218G-M6, 2.7-3.3 THz)

GaAs

undoped

85 A (B0ML)

Alp.15Gag g5As

undoped

34 A (12 ML)

GaAs

undoped

85 A (30 ML)

Alp15Gag gsAs

~undoped

21 A (7.5 ML)

delta-dope

3 x 10" ¢m™

Alg15Gag gsAs

undoped

21 A (7.5 ML)

GaAs

undoped

164 A (58 ML)

Alg15Gag gsAs

undoped

48 A (17 ML)

Total:

6.6x 10" cm™ average

458 A (162 ML)

Substack C: (OWI210H-M4, 3.8-4.3 THz)

GaAs

undoped

85 A (30 ML)

Alg.15Gag gsAs

undoped

37 A (13 ML)

GaAs

undoped

88 A (31 ML)

Alp.15Gag gsAs

undoped

48 A (17 ML)

GaAs

undoped

59 A (21 ML)

GaAs

24 %107 ¢m™

48 A (17 ML)

GaAs

undoped

59 A (21 ML)

Alg.15Gag.gsAs

undoped

57 A (20 ML)

Total:

2.4 x 10" cm” average

481 A (170 ML)

19

JOHNS HOPKINS

UNIVERSITY

PRINCETON
UNIVERSITY




Two Band THz QCL Growth Accuracy

Intensity (cps)

Substack A: 2.8-4.2 THZ, period=588A

Substack B: 2.7-3.3 THz, period=458A
Substack C: 3.8-4.3 THz, period=481A

Structure Summary
l

Period A: X-ray: 576.64, Request: 5884
Period B: X-ray: 440.84, Request: 4584
Period C: X-ray: 452.74, Request: 4814

2-theta (deg) . PRINCETON
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MOCVD

LWIR Example Structure

Grown Ny

Clads [|MOCVD

InP

}’?.O x 10" cm™

8500 A

InP

2.0 x 10" em?

40000 A

Repeat

76

times
(A=9.4 um)

1
ol
‘!)“::?3 f.!d':E g

Jen
:L;‘S"?;w

Lattice ~—"

—
Matched
Alloys

Ing 57Alp 43As

undoped

Ing s3Gag 47As

undoped

Ing 57 Alg 43As

undoped

In0_53Gag_47As

undoped

Ing 57Alg 43As

undoped

Ing s3Gag47As

undoped

Ing 50Alp 48As

undoped

Ing 53Gag47As

undoped

Ing s2Alg 4gAs

undoped

Ing 53Gag 47As

SEToped 1013

Ing spAlp 4sAs

undoped

Ing 53Gagp 47As

undoped

Ing spAlp 4sAs

undoped

Ing s3Gag 47As

213 x 10" em™

Ing 50Alp 48As

2.13 x 10" ¢m™

Ing 53Gag47As

undoped

n-InP substrate, (1-2) x 10" cm™

InP _~—

Substrates

% JOHNS HOPKINS PRINCETON
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Growth Conditions/Techniques

= [ssue: In Growth Rate

= Solutions:

= Rough In RHEED Correction
Grow ~50% InGaAs on GaAs

X-ray to Determine Composition

= Peak Broad due to Dislocation

Use Composition to Determine Actual In Rate

Determine Rough In Concentration

JOHNS HOPKINS PRINCETON
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Growth Conditions/Techniques

= [ssue: Lattice Match

= Solutions:
» Using Corrected Ga(Al) & In RHEED

= Grow InGa(Al)As on InP with Best Guess Composition
" Measure Mismatch by X-ray
= Determine Better Composition Guess

= Repeat

JOHNS HOPKINS PRINCETON
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Growth Conditions/Techniques

= [ssue: Layer Thickness Accuracy

= Solutions:

= Using RHEED Correction Factor for Ga, Al, & In Cells

= Set to Lattice Matched Compositions

= Grow sequentially on same day TWO InGaAs/InAlAs MQWs
with Different InGaAs Thicknesess

= Measure Periods by X-ray

= Determine Alloy Growth Rate Corrections

JOHNS HOPKINS PRINCETON
‘w UNIVERSITY UNIVERSITY




Single Band LWIR QCL Growth Accuracy

Repeat

76

times
(A=9.4 pm)

ol

33

3.3\.! pw.

3,4 R

Im}, 52A1(}_43AS undoped 40 A
Ing 53Gag47As ||| undoped 19 A
InolszAl(}AgAS undoped 8 A
Inp s3Gap47As ||| undoped 56 A
Iﬂo,szAlo,.quS undoped 10 A
In0,53Ga.0_41AS undoped 1.00e9 e — !
Ing s2Alp43As ||| undoped 3 ’
Ing‘ 53 Ga0_4 7AS undoped 1.00e8 § |
Ing 50AlgagAs undoped ; 3 % l
Ing 53Gag47As undoped 22013 1.00e7 i.'?
Ino‘szAlg_‘;gAS undoped 3 . ; s
Ing,53Ga(}_47AS undoped | 1~0035% .’E g
Ing so0Alg 4 As undoped 2 : 2 i s
Ing s3Gag47As ||| 2.13 x 107 ¢cm™ ‘ § 1-°°e5§ 8 e 8 e 3 g 3
Ing 52Alp4gAs 2.13x 10" ecm™ | § S 3 e S 3 i ‘ g
Ing 53Gag47As ||| undoped = 1°°“J § § 8 ‘g : 3 5 2
T (U S : 03 & 8 3
n-InP substrate, (1-2) | 1 ‘ I I\ 2 % gf § |
l 1.00e25w,- '-,.\;u/‘ 14W . MN”'T\“"-M,-// f.‘wm .a'%,'-\1 N.\ |
i | I Mol bl !
Structure 1.00e1 R | i
63 2-theta (deg) 64
~ S |
Period Note: Evenly Spaced Peaks
X-ray: 438.64
Request: 4394
=> (0.09% Low
'I‘ , ! 1] ]OHNS HOPKINS PRINCETON
Laboratories ‘w UNIVERSITY UNIVERSITY
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Substack A: (A=7.3 pum)

40 A

-
Five Band LWIR QCL == i
Ing 53Gag 47As undoped 15A
Ing s2Alg asAs undoped 10 A
¥ Inp s3Gag 4748 undoped 48 A
MOCVD InP 7.0x 10" cm™ &S00 A e undoped 12A
Substack B: (A=8.5 pm) undoped 47 A
b ! doped 13A
InP 2.0 x 10" cm™ d e S T Gidoned A
; 3 doped 15A
2 9 Ing 53Gag 47As undoped 18 A un
Repeat 12 times ® 4dagh 3764 Substack E Ing s2Alp4sAs undoped 8 A unjopeg ?ii
e undope
? ap47AS undoped 53A Aned 30
i 1 (A=10.4 undope A
Repeat 9 times | Substack D: (A=10.4 um) lo ssAS T TEY T 24
R ep eat 6 times  |© [TnosAlpssAs undoped 38 A Iﬂo.xi?AS undoped 48 A undoped 28 A
— | Ing.s3Gag.47As undoped 2I A l0asAs undoped 1A undopcdl A
A - - 2.53x 10" em™ 26 A
Repeat 5 times | [ InoAlyasAs undoped TA _l.uo"”AA: Egggng ﬁ i 253107 em” 34A
- Ing 53Gag47As undoped 50A 048 - P S undoped 24 A
Repeat 10 times |z [ Ino Al ssAs undoped §A  towds ndope -
Ing 53Gag 47AS undoped S3A__ loasAs undoped 17A
Repeat 5 times || InoAl ssAs undoped 9A  lahs Wiipec 33 A
: Inp 53Gag 47As undoped 2 A loasAs undopccl” - 24 A
Repeat 6 times  |@ [ Ings;Alg ssAs undoped 12A  MowAs 234010 om 31A
; Ing 53Gag 47AS undoped 38 A lnasAs 2.54x 10" em” 34 A
Repeat 9 times |2 | In5:Alg ssAs undoped 13A  %a7As undoped 29A
x Ing 53Gag.47As undoped 37A .
Repeat 12 times | | ny5AlpsAs undoped 17A
Ing 53Gag 47As 2.21 x 107 cm™ 34A kG (= )
Ing s2Alg azAs 221 x 10" em™ 24 A
Ing 53Gag 47As undoped 32A loasAs undoped 40A
2.47A8 undoped 19 A
lp.4sAs undoped 8 A S h ld
1 47AS undoped 56 A Ou
Substack E (A=11.5 um): lo.agAs undoped 10 A
10.47AS undoped 51 A B
Ing 50Alp 43As undoped 38A  lpazAs undoped 11 A e
Ing 53Gag 47As undoped 21 A ag47As undoped 42 A
Ing s0Alp 43As undoped 5A lo.48As undoped 13 A Fun !
Ing 53Gag 47As undoped 60A  3547As undoped 32A
Ing spAlg 43As undoped 6A  |y4As undoped I5A
Ing 53Gag 47As undoped S5A  a547As undoped 32A
Ing 57Alg 43As undoped TA  |y4As undoped 20 A
Il]o_stao_.ﬂAS undoped 45 A 15 47AS 213 % ]017 CITl_l 31 A
Ing s2Alo asAs undoped 10A | 4As 213% 10" em® 29A
Il]o_st&o_ﬂAS undopcd 39A ‘0_4?AS undoped 30 A
Ing sAlg 4sAs undoped 11A
Ing 53Gag a7As undoped 38A
]nn_52Aln_4sAS undapcd 17 A
Ing 53Gag 47As 221 x 107 em” 37A
Ing s2Alp 43As 2.21 x 107 em™ 24 A
.
||| i) (nsGauoas undoped 35A %S4 JOHNS HOPKINS PRINCETON
II Laborataries 27 ‘w UNIVERSITY UNIVERSITY




QCL Growth Summary

must be tuned for the specific device
structure

reproducible corrected
accurate

X-ray diffraction
enable MBE growth with high precision

calibrations
actual device growth conditions

One, two, and three band THz
design and X-ray.

One band LWIR |attice-matched
design and X-ray.
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