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What is Quantum Computing ?

Quantum Computing Market Forecast

%X} HFEE (Quantum Computing)

Quantum Computing Market

2021-2031

Marku h\ Region, 2021
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"= Asia Pacific

== Middle East & Africa
== South America
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| Budgets that Can be Solved with
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Increase Focus in BFSI Owing to its
, US$ 14 Bn @ Heavy Dependence on Statistical
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® CAGR 35.3% (2021 - 2031)
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What is Quantum Computing ?
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@ =M & [ H|E(superconducting loops)
® HX}0|-2(Trapped ions)
o =/ 2lX}(Neutral Atoms)

® 2 X} (Photonics)



Quantum Computing Type %X

XM E FH|E(superconducting loops)

OMO| A2 IOE UXIHIEE H| O
X2 IBM 433 FH|E 2H
CHE 7| . CH7|Y ==

Google, IBMQ, Microsoft,...

g £
_ - 1,000 FHE7} ot
v CFX E XIO O ol v =24 Xbk|7F = A |_
|' | = |=|—E 2T A |' 1 -ILO | rE-Q-(TmK) |_ |-A‘| %EE%)%QEL'HE
v ol HojsH v 280 F et HAZoty =t 2R
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Quantum Computing Type

=/ XH(Neutral Atoms)

IYNPS

O

v BE RHIETH U X)
v Hol 2N & HOj7Hs A

v A|AE ZHX| AFO|=7} AL}
SENREE [UPSIESES

At HIEQ| A Ofof <

%Xt HFE (Quantum Computing) ThHT
Catching up &1
of|O| M, OO| A =Lt =2 AXHHEE X
1) FH|F, E|AZE2 JHAE 0|8
2) BO|ME EFH (20| X7} QIEIA|
E|[7} =2 &2ot20| X7 E2E2l=
d& 0|&)5t¢ 48 AHE =Y
HAZ RS0 FXE 750 ARE
AR =Hi7H o YAHH|E
CHE 7|2 : Quera, Cold Quanta, PASQAL



Quantum Computing Type %} #EE(Quantum Computing)  [Jadd

2 Xl (Photonics)

Catching up &2

=378he] FAHE FH

1) &0 @& 25 Mk 8lof &
AT[HAM HOPM ALHO| E|A LE
Qe ZNtES B0 M=
|

2) A7t SL=E Sol FZEE
= WAA|7| 2 &0| 7t= Hes
SEI s HEs &Y

XN 2F 1000 72| L XHHIE
CHE 7| Y : Xanadu, PsiQuantum, ORCA,




Quantum Computing Application Uxt AHEY(Quantum Computing)  LJa6

Big Data Security Optimization problems
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Non exhaustive and in no particular
order. Excludes details on control
systems, assembly languages, circuit
design, etc.

@gUANTUM Quantum Computing Market Map

INSIDE

Users Applications Software offerings QPUs?2 Hardware / components
Select examples Not mapped to verticals Includes control software Select examples only — not
representative of entire ecosystem

Cryogenics (includes testing)

Material Science Not strictly categorized given diversity of operations® Superconducting
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1 Software offerings can be further classified into SDKs, firmware / enablers, algorithms / applications, simulators etc. but many companies are offering a mixture across the stack
2 Many QPU providers are offering full stack services (e.g. Pasqal acquired Qu&Co, Quantinuum was originally CQC prior to merger with HQS, etc
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* Microwave tech.
» Laser tech
* Optical tech.
* Vacuum tech.

* Low temperature tech.

» Classical Compuations
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Cryogenic LNAs

Cryogenic LNAs(Low Noise Amplifier) 7'

Cryogenic Electronics — Cryogenic LNAs

Google: Martinis, Nature (2019) - 54 qubit system (presently w/ UCSB)
Currently, Cryogenic LNAs (CLNAs) have been widely used to readout a noisy qubit signal!

Control (54 qubit + 88 couplers)

300K

Qubit flux (Z) ~{TE——

Qubit pwave
(XY)

Coupler flux {5}

Readout in

3K 10mK

Sycamore
chip

Qubit
Coupler
Readout

Readout out

n
IMPA pUMP el s L

IMPA flux ~{E=)—
300K
() B

circulator IR filter

3K  10mK E >E -

a cryo-LNA = bias tee

LR} mml
v ED
low-pass
filter

band-pass

IMPA attenuator filter

Figure 53. Cryogentc wiring. Control and readout signals are carried to and from the Sycamore

chip with a set of cables, fllters, attenuators

and amplifiers

Readout of microwave photons -130 dBm
at 4-12 GHz

For 30 years, PHEMTs have been the
choice for CLNAs, first GaAs, and then
InGa, As, x> 0.53

InP HEMT hybrid 4-8 GHz CLNAs typically
used as 2nd stage amp (4K stage)

cross section across the gate

individual InP HEMT
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Cryogenic LNAs Cryogenic LNAs(Low Noise Amplifier) 712 [Jid

InP HEMT's Advantages as Cryogenic LNAs

 Circuit
4K Superconducting parametric amplifier at the mK stage
- CLNAs at the 4 K stage is used for readout as the 2nd amplifier

b InP HEMT
| cLNA

» Croygenic LNAs : One of the key components in the readout chain

0.9K « Request
1) Lower noise figure at C-band

0.1K 2) Lower power dissipation(DC)

Cryogenic isolator

0.01K Today use normally based on InP high-electron-mobility transistors

(HEMTSs) only

* Why InP HEMT as cryogenic LNAs
1) the lowest noise figure at C-band in comparison with any other
§ oo transistor technology
| 2) the HEMT can be scaled down to improve the ratio of
transconductance to drain current at low drain voltage



Cryogenic LNAs Cryogenic LNAs(Low Noise Amplifier) 7% ThY

InP HEMT's Advantages as Cryogenic LNAs

10 H H i A o S A | H H | G (- I | : 3 - - -5 |
g | [3] InP HEMT A [8] SiGe HBT .
o A
X 6 [9] SiGe HBT [7] :HEMT
U) — - oy —y
s | ettt ~< B InPHEMT | D] 'rf HEMTH
= 1/[101| P HEMT \ ®. 0
n
\ [ [41InPHEMT 4] 1np HEMT
21 S [10] InP HEMT.. O i
-
S - [2] InP HEMT
10’ 10° 10° 10* 10°

Py (kW)

Comparison of the average noise temperature of LNAs with prior state-of-the-art results
operating in C-band at cryogenic temperature.
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InP HEMT's Advantages as Cryogenic LNAs
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Future Readout of 1M Qubit Processor

Today :

) DAC DAC ADC ADC )
1Gsls 1 & ’ 1Gels * InP LNA only
* Hand assembled, individually tested

~100k LNAs required

M
[w=] 20 aB
____________ InP HEMTs
Future :
JPA Improvement of InP HEMT LNAs
?::f;l: * Robust and low cost yW cryogenic LNAs manufacturing

Scaling LNAs module - Integrated circuittMMIC LNA)
ZX : SiGe Cryogenic Amplifiers for Superconducting Qubit Readout Joseph C.

Bardin(1,2), (1)University of Massachusetts Amherst, (2)Google Quantum Al @IEEE. IMS 1 H H
Bard) * Lower power dissipation
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InNP HEMT - Noise Model

Gate Lo Rg Cgd Rj Rd Ld  Drain
I AAA A
Cpg Cog = G c
TT T cetv IFIY
* - - < I=g.V T Cds éGds = =
=
Ri %
Rs
Ls
1 Source

Minimum noise temp: T, ~ sz—r\/(RS+Rg + R )T, G45Ty

Noise sources in cryogenic HEMT LNAs

Cryogenic LNAs(Low Noise Amplifier) 7'

Input matching network 71K
Rg 2.6K
Ri 6.3K
Rs 25K
Rgd 27K
Channel (Rds) 7.1K
Rd 03K
Subsequent stages 13K
Sum 29.9K

4K breakdown @ 6GHz

Input matching network 0.05K
Rg (@10K) 0.03K
Ri 0.06 K
Rs 0.03 K
Rgd 0.04 K
Channel (Rds) 112K
Rd 0.00 K
Subsequent stages 0.08K
Sum 1.41K

300K breakdown @ 6GHz

Contribution in Kelvin | Contribution in %

24%
9%
21%
8%
9%
24%
0%
4%

=100%

35%
21%
4.2%
21%
28%
79.4%
0.0%
5.6 %

=100%

Input=71%

Input=15%

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in Il-V Technology for Scalable Quantum Computing”,
1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li, 2Eunjung

Cha and 2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology



Experiments : Changing Indium content of the channel  cryogenic LNAs(Low Noise Amplifier) 702 E§5)

Impact of In channel composition : simulation @ RT

e |nP HEMTs with different indium channel content, 65% and 80%, were
studied

« The 2DEG in the 80% indium channel HEMT was much closer to the
gate leading more efficient charge control

Etch sropl Barrier l Channel Buffer
12 , : 1.2
20 nm n*In, . Ga, . ,As cap 65% In o
20 nmn’| ca ? i
4nmiPetchstop T P05.0A8 290 1 80%In | 3 Uy
TRk s B 4nmiPetchsiop oo P foa B
3nmin, _Al_ _As spacer 6 nm In, LAl ,As barrier ) ©
i s s DN —— g
7 nm In, Ga, As channel w” 04 i 04 §
H L~
i
0.2 § 02 £
500 nm In, Al As buffer 500 nm In, Al .As buffer £ 8
0 T . g w
_ e 0 10 = 20 30 ¢0.0'2
1, (300 K) = 12,000 cm2/V-s i, (300 K) = 15,000 cm?/V-s

Distance (nm)

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in 1lI-V Technology for Scalable Quantum Computing”, 1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li , 2Eunjung Cha and
2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology



Experiments : Changing Indium content of the channel  cryogenic LNAs(Low Noise Amplifier) 712

Impact of In channel composition : in 4-8GHz CLNA

* The 65% indium channel HEMT: Te,avg = 1.4 K, gain = 39 dB
* The 80% indium channel HEMT: Te,avg = 2.4 K, gain = 40 dB
50 — 65% in 110 2.5
PO W b1, L O s o ® L
-~ i h. 4
D30 o 6 < 15 ®eo
= Py =5.5mW < € g
20| ’ 4 F° = Sanm
© 1 N\(n, Noise . 0.5 ®80% In
g0 Nenereareneess |, . (e) ‘ = 65% In
on(a) 0 102 10° 10*
2 - 6 8 10 P. (uW)
Frequency (GHz) dc

Cha et al. IEEE Trans. Electron Devices 2023

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in 1lI-V Technology for Scalable Quantum Computing”, 1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li , 2Eunjung Cha and
2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology



Experiments : Changing Indium content of the channel  cryogenic LNAs(Low Noise Amplifier) 7HZ  gjae

Impact of In channel composition

1000 =
. a G
 Noise performance at 300 K was comparable for both g °
* 65% In channel HEMT LNA exhibited significantly lower i 500 | PY o
noise at all dc power levels - o gl
o
g B
« Extracted Td (equivalent drain temp) is higher for 80% In 0 (d)
o 102 103 10*
* Could be due to more electron scattering in the 80% In P, (W)

channel: differences in strain in the channel

Cha et al. IEEE Trans. Electron Devices 2023

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in 1lI-V Technology for Scalable Quantum Computing”, 1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li , 2Eunjung Cha and
2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology



Experiments : Changing spacer thickness Cryogenic LNAs(Low Noise Amplifier) /% L)

Impact of spacer thickness

« InP HEMTs with different spacer thickness : 1 to 7 nm

 Barrier thickness has adjusted accordingly to maintain the same gate to
channel distance (9 nm)

Barrier | Spacer
Ing 53Gag 47As Cap 20 nm (nm) | (nm)
InP Etch stop 4 nm 8 1
gate to channel distance Ing s,Al, 45AS Barrier 6 3
Ing 52Alg 4gAS Spacer } : :

Ing g5Gag asAs Channel 15 nm  6-doped layer

Li et al. IEEE Electron Device Letters 2022

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in 1lI-V Technology for Scalable Quantum Computing”, 1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li , 2Eunjung Cha and
2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology
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Experiments : Changing spacer thickness Cryogenic LNAs(Low Noise Amplifier) /% L)

Impact of spacer thickness : in 4-8 GHz CLNA

« Gain and noise of the HEMTs with different barrier thickness were measured
in 4-8 GHz CLNA

« Measured noise was minimum for spacer thickness of 5 nm

‘!“ . '_ i 8 g
404 e\ | o
— M dsp 16 3
om \"J ©
- 30f A\Y —1 nm ; ]
< \-\.\ 3nm f 4 CED-
@ 20 HN —5nm :

S A1 SR A P
10¢ N A A A B e @
-~ —— -9
@]
0 - - : 0Z

2 4 6 8 10

Frequency [GHZz] . .
Li et al. IEEE Electron Device Letters 2022

EX : IEEE, IMS2023, WSF-04, “State-of-the-Art Cryo-LNAs in 1lI-V Technology for Scalable Quantum Computing”, 1Arsalan Pourkabirian, 1Johan Bergsten, 1J6rgen Stenarson, 1Niklas Wadefalk, 2Yin Zeng, 2Junjie Li , 2Eunjung Cha and
2Jan Grahn,1Low Noise Factory, 2 Chalmers University of Technology



Experiments : Changing spacer thickness Cryogenic LNAs(Low Noise Amplifier) 7i'%

Impact of spacer thickness : in 4-8 GHz CLNA

« Drain Noise temperature ,Td, was extracted by comparing the measured gain and

noise of the LNA with simulations based on an equivalent small-signal HEMT model.

* Td is minimum for InP HEMT with 5 nm spacer thickness
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Experiments : Changing spacer thickness Cryogenic LNAs(Low Noise Amplifier) 714  IJi)

Impact of spacer thickness : real-space transfer (RST)

« RST is the emission of 2DEG hot carriers from the channel into the barrier: important
source for microwave drain noise

* The overdrive voltage Vg, = Vo —Vy, : controls the fraction of transferred electrons

« If RST is responsible for noise in the HEMTs, the noise must be minimized for the
lowest Vg, at the optimum noise bias

l. Eshoet al. Journal of Applied Physics, 2022
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Experiments : Changing spacer thickness Cryogenic LNAs(Low Noise Amplifier) 1% (35D

Impact of spacer thickness : in 4-8 GHz CLNA

» The correlation between Td and VOV at 5 nm spacer thickness suggests that RST noise can be
important in cryogenic InP HEMTs
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