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We present a terahertz quantum cascade laser operating on a thermoelectric cooler up to a record-high
temperature of 210.5 K. The active region design is based on only two quantum wells and achieves high
temperature operation thanks to a systematic optimization by means of'{/i\onequilibrium Green’s function

model. Laser spectra were measured with a room temperature detector
free. At low temperatures (~ 40 K), a maximum output power of 200

Terahertz (THz) radiation is subject to a wide range
of research and technological efforts!, from solid state
fundamental physics to biomedicine and astrophysics.
Specifically, since materials such as textiles, plastics,
coatings and biological tissues are transparent to THz
radiation, this spectral region is also promising for a va-
riety of non-invasive imaging and non-destructive quality
assessment applications such as airport security screen-
ing and thickness coating measurements. In order to un-
lock the full potential of these applications on a large
scale, compact and powerful THz sources are neede
A promising candidate is the quantum cascade laser

high emitted powers (several hundred mW bot

king the whole setup cryogenic
%Nasured.

and a reductionof inbersubband re-absorption and jus-

he ”bound-to-continuum” (BtC)
herecthe upper laser state (ULS) is lo-
antum well and population inversion

a combination of intersubband scattering
gtransitions. The main limitation resides
ortion of photons by thermally populated
in the lower miniband, as evident by the negative

Fig. 1 (b). To avoid this problem, the "resonant
phonon” 3-well scheme achieves efficient LLS extraction
using only four states'®!?, by exploiting a single tun-
neling transition followed by resonant phonon emission.

scheme?12~

4 active states per period, achieves similar performance.

(QCL)?3, a compact injection laser based on semicon-
ductor heterostructures. THz QCLs have already%\NI‘he scattering assisted (SA) injection design'®; also with
h-

in puls

and continuous wave)*® and spectral coverage

out the 1-6 THz range’ with single modé and
band devices®. However, despite several e

THz QCL operation is still restricted 0 cryogenie,cool-
ing and their maximum operating te T e is still
below 200 K°. In this Letter we present
operating up to 210 K, allowing

ad=

and Helium-based (He-ba$e
wavelength, resonator es, a roadening lifetime,
the ultimate temper tuNo CL laser operation
increases with the ac@n of the electron population in
asitic reabsorption by the free

the transport and maintain-
{ijr re the key source of optical
soning provides an explanation
THz QCL designs that has been
number of states per period. This
supported by the quantitative gain
shown in Fig. 1(a), where the computed
opulation and gain at 200 K of a selec-
CLs using different design schemes show
tile Tacrease in the upper laser state (ULS) popu-
lation(2uLs) as the number of active states is reduced.
This leads to both an increase in population inversion
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The minimum number of active states is three, limited by
the electrical stability of the laser!!:'®, and has been re-
alized in two-quantum well designs'”2%:2! with close-to-
record temperature performance achieved recently?223.
In fact, one might see the two quantum well active re-
gion as the structure closest to the original proposal from
Kazarinov and Suris?* which satisfies the electrical sta-
bility condition. The analysis in Fig. 1 compares the
best devices obtained from different designs regardless to
the emitted frequency and indicates that using the mini-
mum number of states per period should lead the choice
of design scheme for improving THz QCL temperature
performance.

Nonequilibrium Green’s function (NEGF) modeling
has proven to be a powerful tool for optimizing THz
QCL designs?2. Owing to the significant computation
times that come with such a complex model, we have per-
formed a systematic optimization using the NEGF model
of Ref. 26 in conjunction with an information algorithm
with parallel trials for multi-variable, global extremum
search?” in order to increase the convergence rate. We
optimized the maximum gain at a lattice temperature of
300 K, varying all four layers of the two-well design in
a region around the best one from Ref. 22. In order to
keep a manageable computing time, we limited the op-
timization to a photon energy of fiw = 16 meV and a
bias of 52.5 mV/period (encompassing one LO phonon
and one photon emission per period). We find that the
gain is maximized for a shorter period length and thicker
barriers compared to the nominal structure previously
implemented. In particular, a reduction of ~ 3% in the
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FIG. 1. (a) Relative density of the upper laser State (novws)

calculated with a nonequilibrium Green’
model for five THz quantum cascade laser

insets and represent
SA) injection?®, 4-well'*

( designs. The 2-well
QCL is the layer presented jn thige wo For each design
we show the upper laser stdte L}S) ingred, the lower laser
state (LLS) in blue, andzen lin inéiate the other rele-
vant states. The vertical ba. e barriers separating
the quantum wells. (

five designs. The fe
carriers are to th

1part of simulated gain for the
the/states, the more concentrated the
aking gain exceed re-absorption.

period lenggh is predicted to increase the gain from ~ 18

Theqsest design as predicted by the NEGF
en grown by molecular beam epitaxy
As compared to our previous work??, a thicker

procesSed as Cu-Cu waveguides using a thermocompres-
sive bonding after the evaporation of 5 nm of Ta and 500
nm of Cu on the active region. As a top metal cladding,
a layer of Ta/Cu/Ti/Au (5/50/20/200 nm) has been de-
posited and the sample has been dry etched in a Cly/
Ar plasma using SiN, as hard mask. Since the epitaxial
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FIG. 2. a) 3D histogram of the statistics conducted over 23
lasers with a width of 150 pm and a length between 1 and 2
mm, as specified by the color scale, versus the layer At. The
projection in dark grey on the XY plane sums over all the
thickness variation. b) LIV characteristic of the best device
is shown, pumped electrically with 50 ns width pulses at 415
Hz, up to ~ 210 K.

layers grown on the 3”7 wafer exhibits a thickness gradi-
ent of approximately At = —4% from the center to the
edge (calibrated through X-ray mapping), a period thick-
ness span of ~ 0 — 4% compared to the nominal design
is experimentally realized. The active region thickness
was measured by high-resolution x-ray diffraction per-
forming a 5 mm mesh mapping over the 3”7 wafer. A
systematic characterization of the processed lasers in a
He-cooled flow cryostat has confirmed the strong depen-
dence of the laser performance on the active region thick-
ness predicted by the simulations. The 3D histogram in
Fig.2(a) reports the maximum temperature of all the 23
tested lasers with a width of 150 pum and lengths be-
tween 1 and 2 mm with varying period thickness, ex-
ploring ranges of +£0.5%. As confirmed by the simula-
tions, the maximum operating temperature (Tax) im-
proves when moving towards the edge of the wafer. The
best device, found for At ~ —3.5%, was 1.8 mm long
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‘ s I?Pase 1 up to a maximum temperature of ~ 210 K, as
n in Fig.2(b). The structure sequence for this device

6/79.9/19.0/84.0/29.0/51.6, here expressed in A,
with oarriers in bold face and the underlined well section
doped to n = 4.5 x 10'° cm~2. The band structure and
energetically resolved carrier density of this device simu-
lated with the NEGF model are shown in Fig. 3(a). The
main difference with regards to the nominal design®? is
a higher extraction energy F.x ~ 41 meV and a slightly
lower oscillator strength (although the latter is highly
bias-dependent and therefore difficult to precisely define).
This reduces non-radiative phonon emission from the up-
per laser state as well as thermal backfilling, improving
the temperature resilience.

The laser was electrically driven with 50 ns wide pulses
at a repetition frequency of 415 Hz. A pre-calibrated He-
cooled Si bolometer has been used as a detector showing
a peak power of ~ 200 mW and a threshold current den-
sity of 2 kA /ecm? when the laser is operated at 10 K. The
relatively high current density required for laser opera-
tion is a result of the optimization of the presented QCL
being restricted to high-temperature operation and high
output power. In order to limit the current density, the

in Ref. 22) could be reduced. However, for the pur

QCLs, and the operation of the laser has been well under-
stood. The discrepancy between the optimized (nominal)
structure and the best (3.5% thinner) structure (which is
also better in the NEGF model under a detailed analysis)
can be explained by the restrictions imposed to the op-
timization, since the best structure operates at a higher
bias (56 mV/period) and photon energy (16.5 meV). In
accordance with previous results??, including a rudimen-
tary form of electron-electron scattering® in the model
(not shown) the curr?{( density changes negligibly while
the gain is almost halved,and red shifted by 1 meV at
200 K.We also fin
the presented de

the“temperature degradation of
1 is,dominated by level broadening.??
he device operating on a Peltier

Vertex 80 with a DTGS room temperature
detector, ing such setup fully cryogenic free. Spectra
measufed-at erent temperatures with a resolution of

are xeported in Fig.3(a).
lusion, we have demonstrated the first opera-

QCL using thermo-electric cooling, and

{)iof a
first operation of a THz QCL above 200 K, with a
cak power as high as 1.2 mW at 206 K, which allowed

ved in this work will likely lead to further improve-

parasitic leakage into level 5 (discussed in some deta‘\dﬁn tion in a cryogenic-free system. The methodology
emp

of pulsed high-temperature operation, we find that thi
current channel has a small impact since less tha
of the carriers reside in levels 4 and 5 even at 200 K.

As shown in Fig. 3(b-d),

the device whos \peﬁor—
mances are reported in Fig.2(b) is then tested on'a four--

stage cooler (model SP2394 from II-VI low Indus-
tries), that reached a temperature as ldw, as 195 K with
a power consumption below 30 W. The
measured using a NTC Thermistor (44000RGg
TE connectivity). As shown in Fig:3(b), the light col-
lected using an elliptical mirroriis measured at different

K as a function of
The results con-

firm the performance recerde
the difference of 1 K, Spon
the silicon temperature qe\n&g;the flow cryostat. The
threshold current density exhibits an exponential tem-
perature depend ith a characteristic temperature of
Ty =229K. C the derivative of gain with re-
spect to currentdensity decreases and eventually crosses
zero. Thusginwor each the threshold gain at tem-
proaching @2« a rapid increase in Jy, with
is observed. The high value of T, demon-
ial of this active region design for high
eration, as a further reduction of 10% of

Asywe Reviously observed in Ref. 22, the simulated
currentyagrees very well with the experimental one, and
the bias 1s in reasonable agreement. The inset in Fig. 3(b)
shows that also the agreement between the simulated
peak gain frequency and the observed emission frequency
of the laser are in excellent agreement. This confirms
that the NEGF is a powerful tool for optimization of THz

ts of this technology; pursuing better QCL designs,
studying in depth the effect of other parameters, e.g. bar-
rier height, doping position, and doping region width, as
well as improving the Cu-Cu process is expected to lead
to increased maximum operating temperatures and ex-
tracted optical power. The presented results pave the
way towards a new generation of on-chip, portable THz
devices based on high power THz coherent sources.
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of this project. This work is supported by the Horizon
2020 ERC grant project CHIC 724344, the Swedish Re-
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1S. S. Dhillon, M. S. Vitiello, E. H. Linfield, A. G. Davies,
M. C. Hoffmann, J. Booske, C. Paoloni, M. Gensch, P. Weight-
man, G. P. Williams, E. Castro-Camus, D. R.S. Cumming,
F. Simoens, I. Escorcia-Carranza, J. Grant, S. Lucyszyn, M.
Kuwata-Gonokami, K. Konishi, M. Koch, C. A. Schmuttenmaer,
T. L. Cocker, R. Huber, A. G. Markelz, Z. D. Taylor, V. P. Wal-
lace, J. Axel Zeitler, J. Sibik, T. M. Korter, B. Ellison, S. Rea,
P. Goldsmith, Ken B. Cooper, R. Appleby, D. Pardo, P. G.
Huggard, V. Krozer, H. Shams, M. Fice, C. Renaud, A. Seeds,
A. Stohr, M. Naftaly, N. Ridler, R. Clarke, J. E. Cunningham,
and M. B. Johnston. The 2017 terahertz science and technology
roadmap. Journal of Physics D: Applied Physics, 50(4), 2017.
2]. Faist, F. Capasso, D.L. Sivco, C. Sirtori, A.L. Hutchinson, and
AY. Cho. Quantum Cascade Laser. Science, 264(5158):553-556,
1994.
3R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H.
Linfield, A. Giles Davies, D. A. Ritchie, R. C. Iotti, and F.
Rossi. Terahertz semiconductor-heterostructure laser. Nature,
417(6885):156-159, 2002.
4B. S. Williams. Terahertz quantum-cascade lasers. Nature Pho-
tonics, 1(517):517-525, 2007.
5L. Lianhe, L. Chen, J. Zhu, J. Freeman, P. Dean, A. Valava-
nis, A.G. Davies, and E.H. Linfield. Terahertz quantum cascade


http://dx.doi.org/10.1063/1.5110305

| This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

Al

Publishin®— I — 8

150

—_
(=3
(=]

Energy (meV)
3

Injector

Elerctron density (meV-'nm)

0 5 0 5 10 15 20 25 30 35
z (nm)

0 25 50 75 100 125 150 175 200

4.0
3.7 » ) =
34 ¢ ¢ ;2,
NE 3.1 .
é 2.8 L7
— 25 o 1
] 57 T,=229
= s 7 0 |
¢ * : 4 T --- thres:JOeT 0'\
1.9 , 7’ 7 ¢ Jthres 47
1.6 s 7 : Jthres Q‘wLB

0 25 50 75 100 125 450,175,200,
Temperature (

FIG. 3. a) Band structure of the
barriers in bold face) 32.6/79.

transition from the upper
the lower and upper lase
lattice temperature of 200 K

Ge bolometer. In d
temperature of 200

(@]

b) Current Density (kA/cm?)
300.0 05 10 15 20 25 30 35
; ; ; ; ; . ;
Aij 205K /N ¥ - 200KV /‘ 11.2
5 1.21 - = -Gain, \ e .
2542, . \ 60.; NEGF1V| _ .
2, 1.0 >
~ 204 g
2 08 3
& 5
8 0.6 N
E k=
0.4 %
3
0.2
0.0

4.00

T

4.05
196 K

390 395

3.80

3.85 3.90 3.95
Frequency (THz)

4.00

s/Alp.38Gag.75As QCL with highest operating temperature with layer sequence (in A with
4.0/29.0/51.6 where the underlined well section is doped to n = 4.5 x 10'° cm™3, shown
t density is maximal. The yellow arrow indicates the diagonal (fosc. = 0.20) laser
Jwer (blue) laser state. The green dashed lines indicate states in close resonance to
tively. The grey scale shows the electron density evaluated in the NEGF model at a
LI curves obtained cooling down the laser in the laser box and detecting it using a He-cooled
id black lines, a comparison between the measured IV and the simulated IV at a lattice
wn. The IV has been measured in a flow cryostat setup. In the inset, it is possible to see that
205 K fits the simulation prediction of the gain. c¢) Ty fit of the threshold current density Jinres
is executed on data points collected in cryostat operation (red circles), but agrees well with the
the fermoelectric cooling operation. A Ty = 229 K is obtained. In inset, the laser box with Peltier cell
ox footprint (~ 9 x 9 x 5.5 cm?) is significantly reduced compared to a flow cryostat (even without

e dewar). At maximum capacity, the Peltier cell uses < 30 W to cool the laser down to 195 K. d)

Spectra_taken, with the laser cooled down using a thermoelectric multistage cooler and using the DTGS room temperature

taking into laccount se

detectér ofa B

%vllih\s
2014

6M. Brandstetter, C. Deutsch, M. Krall, H. Detz, D. C. Macfar-
land, B. Zederbauer, A. M. Andrews, W. Schrenk, G. Strasser,
and K. Unterrainer. High power terahertz quantum cascade lasers
with symmetric wafer bonded active regions. Applied Physics
Letters, 103(17), 2013.

7C. Sirtori, S. Barbieri, and R. Colombelli. Wave engineering with

THz quantum cascade lasers. Nature Photonics, 7(9):691-701,

output powers. Electronics Letters, 50(4):309—

ertex 80 FTIR. Laser has been operated at maximum power.

2013.

8M. Roésch, G. Scalari, M. Beck, and J. Faist. Octave-spanning
semiconductor laser. Nature Photonics, 9(1):42-47, 2014.

9S. Fathololoumi, E. Dupont, C.W.I. Chan, Z.R. Wasilewski, S.R.
Laframboise, D. Ban, A. Métyds, C. Jirauschek, Q. Hu, and H. C.
Liu. Terahertz quantum cascade lasers operating up to ~ 200 K
with optimized oscillator strength and improved injection tun-
neling. Optics Express, 20(4):3866, 2012.

107, Faist. Wallplug efficiency of quantum cascade lasers: Criti-


http://dx.doi.org/10.1063/1.5110305

ceedings of the Tenth International Conference on Intersubband

This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.
¢ s I P)an meters and fundamental limits. Applied Physics Letters, j i

3-25, 2007.
Pu b||§h |In t and G. Scalari. Unified description of resonant tunnelling
"‘""" and terahertz quantum cascade lasers. Electronics Letters,
46:546, 2010.

12@G. Scalari, L. Ajili, J. Faist, H. Beere, E. Linfield, D. Ritchie, and
G. Davies. Far-infrared (~87 pm) bound-to-continuum quantum-
cascade lasers operating up to 90 K. Applied Physics Letters,
82(19):1-3, 2003.

13G. Scalari, N. Hoyler, M. Giovannini, and J. Faist. Terahertz
bound-to-continuum quantum-cascade lasers based on optical-
phonon scattering extraction. Applied Physics Letters, 86(18):1—
3, 2005.

14M. I. Amanti, G. Scalari, R. Terazzi, M. Fischer, M. Beck, J.
Faist, A. Rudra, P. Gallo, and E. Kapon. Bound-to-continuum
terahertz quantum cascade laser with a single-quantum-well
phonon extraction/injection stage. New Journal of Physics, 11,
2009.

15E. Dupont, S. Fathololoumi, Z. R. Wasilewski, G. Aers, S. R.
Laframboise, M. Lindskog, S. G. Razavipour, A. Wacker, D. Ban,
and H. C. Liu. A phonon scattering assisted injection and extrac-
tion based terahertz quantum cascade laser. Journal of Applied
Physics, 111(7), 2012.

16 A. Wacker. Extraction-controlled quantum cascade lasers. Ap-
plied Physics Letters, 97(8):8-10, 2010.

17G. Scalari, M. I. Amanti, C. Walther, R. Terazzi, M. Beck, and
J. Faist. Broadband THz lasing from a photon-phonon quantum
cascade structure. Optics express, 18(8):8043-8052, 2010.

18H. Luo, S. R. Laframboise, Z. R. Wasilewski, G. C. Aers, H.

2007.
198, Kumar, Q. Hu, and J. L. Reno. 186 K operation o
hertz quantum-cascade lasers based on a diagonal design. App
Physics Letters, 94(13):2—4, 2009.

20G. Scalari, M. Amanti, R. Terazzi, M. Beck, ands J. Faist. Two-=,

Pro-

well quantum cascade laser emitting from 2.7 K

Liu, J. C. Cao. Terahertz quantum-cascade lasers based on a
three-well active module. Applied Physics Letters, 90(4)&

Transitions in Quantum Wells, Montreal, Canada, September
2009, http://www.itqw2009.com/index.php

218, Kumar, C. W. I Chan, Q. Hu, and J. L. Reno. Two-well tera-
hertz quantum-cascade laser with direct intrawell-phonon depop-
ulation. Applied Physics Letters, 95(14):1-3, 2009.

22M. Franckié, L. Bosco, M. Beck, C. Bonzon, E. Mavrona,
G. Scalari, A. Wacker, and J. Faist. Two-well quantum cascade
laser optimization by non-equilibrium Green’s function mod-
elling. Applied Physics Letters, 112(2), 2018.

23A. Albo, Yuri V. Flores, @ing Hu, and John L. Reno. Two-well
terahertz quantum caszf lasers with suppressed carrier leakage.
Applied Physics Lettefs, 119(11):1-6, 2017.

. Suris,_Possibility of the amplification

):707709, 1971.
. ont, S. Fathololoumi, C. W.I. Chan,
Wasi wskl G. Aers S. R. Laframboise,

wﬁabscade laser with low injection coupling
g above 150 K. Journal of Applied Physics,

Lindskog, and D. O. Winge. Nonequilibrium
model for simulation of quantum cascade laser
perating conditions. IEEE Journal on Selected
Topics i Quantum Electronics, 19(5):1-11, 2013.
ergeev and R. Strongin. A global minimization algorithm
with parallel iterations. USSR Computational Mathematics and
thematical Physics, 29(2):7-15, 1989.
283, Kohen, B. S. Williams, and Q. Hu. Electromagnetic modeling
fferahertz quantum cascade laser waveguides and resonators.
ournal of Applied Physics, 97(5), 2005.

cra-w29D. O. Winge, M. Franckié, C. Verdozzi, A. Wacker, and M. F.

Pereira. Simple electron-electron scattering in non-equilibrium

Green’s function simulations.
Series, 696(1), 2016.

Journal of Physics: Conference


http://dx.doi.org/10.1063/1.5110305

N
-

S

Gain (1/cm)

O
S

-100

,ﬁ
2-well
. d=31 nm e
—
—
SA 3-well
d=36nm™— ~d=44nm
I — —
- | BtC BtC
T-well ] [4-well
d=118 nm — . d=66n
- 116 K
\I<

f states

10 9 8 g<?\)6 5 4 3
Nun%bq

@ Tvlattice - 200 K
2-well —é\ /
3-well
SA
btc g
(A
~

6 8 10 12 14 16 18 20
Energy (meV)


http://dx.doi.org/10.1063/1.5110305

# of lasers

AlP
Publishin
208 210
Max T (K
. (K) ¢ 3\
) Current De@ (kA/ cmz)
400 0 1 5\5 3.5
- 0K 381{\ | 1300
35 - 745K 0K -
- 128 K (%% | 270
3() - 206 K 07 K 1240 <
- 208 K 4= 09.5 K } <100 ' =
1210 é
/Q 1180 i
(é« f150 2
J 1120
900 &
al
60
130
0

0.0 2.0 4.0 6.0 8.0 10.0
Current (A)


http://dx.doi.org/10.1063/1.5110305

Energy (meV)

200

150

T T T T T '\/\
'\/\\_//\/\ !\ |
\/‘\/’\/\\M

N\
L —5\ - - -

sity.

f

Elerctron den

- 3.7
r 3.4

r 3.1
r 2.8

- 2.5

r 2.2

- Jthres_J 0e
J
J

thres

thres ~ Laser Box

1.9

1.6

0

25 50 75

100 125 150 175 200
Temperature (K)

L. |
~4 Current Density (kA/cm?)
kyo .0 05 1.0 .5 20 25 3.0 35
T T T T N AL L L B R |
| sk O T 200KV N P
F12p--cGan/ N 60 | —NEGFIV| _ -
‘) 25 “509 /! Y £ —— - —_
o [£0s /// \\\ 4O~§ .- 11.0 E
= 20420~ ST ~ £
\>./ ] 00 . 108 =
) 2 =
80 15 - 20
s 15 10.6 1
; 1 R~
10+ '
104 4
' 3
54 10.2
0 B T T T T T T T T T T T T T T ‘IAA T ‘I T I 0‘0
o 1 2 3 4 5 6 7 8 9 10
Current (A)
d)
3.80 3.85 3.90 3.95 4.00 4.05
40000 . . . : :
196 K
20000 .
=
2
2
B2
=
&
=
[,
3000 1 1 1 1
207 K
1500 i
3.80 3.85 3.90 3.95 4.00 4.05

Frequency (THz)


http://dx.doi.org/10.1063/1.5110305

	Manuscript File
	1
	2
	3

