This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS

Cryogenic Characterization of the High Frequency
and Noise Performance of SiGe HBTSs
From DC to 70 GHz and Down to 2 K

S. Bonen"™, Graduate Student Member, IEEE, G. Cooke"™, Graduate Student Member, IEEE, T. Jager™,

A. Bharadwaj, S. Pati Tripathi

, Graduate Student Member, IEEE, D. Céli, P. Chevalier

, Member, IEEE,

P. Schvan, Member, IEEE, and S. P. Voinigescu™, Fellow, IEEE

Abstract—The high frequency and noise performance
(Ivins NFyin, Ry, and Zg,,) of SiGe heterojunction bipolar
transistors (HBTs) are characterized for the first time from dc
and S-parameter measurements up to 70 GHz and from 2 to
400 K. Significantly improved current gain ~10 000, minimum
noise temperature, Tyyny (<1 K below 8.5 GHz), MAG, fr
(458 GHz), and fyax (534 GHz) are observed at 2 K compared
to 300 K, with no evidence of impurity deionization. It is found
that the optimum noise figure current density, Jopr, increases
with temperature, following the crossover between shot noise
and thermal noise. In contrast, the peak-f; and peak-fyax
current densities increase by more than 50% at 2 K, likely
due to the higher vy. A decrease in BVcgo, expected due to
the higher current gain, and negative output conductance are
observed in the 2-200 K range in the dc output characteristics
at large currents above the peak- fr current.

Index Terms— Cryogenic temperatures, heterojunction bipolar
transistor (HBT), noise, semiconductor device modeling, silicon
germanium, terahertz.

I. INTRODUCTION

HERE has been recent interest in the design of cryo-

genic microwave and millimeter-wave SiGe heterojunc-
tion bipolar transistor (HBT) low-noise amplifiers (LNAs)
for applications in space and quantum computing [1]-[4].
To date, this work on LNAs and on the high frequency
(HF) [5]-[9] and noise characterization [6] of the SiGe HBTs
themselves has been conducted at temperatures above 4 K.
In this letter, we report a full suite of dc, HF, and noise
parameter characterization of a SiGe HBT in a production
55-nm SiGe BiCMOS process [10] from 400 K down to 2 K
and derive important low-noise circuit design guidelines.

II. MEASUREMENT METHODOLOGY
All measurements were conducted on-die with a
Lake Shore Cryotronics CPX-VF-LT probestation in the
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Fig. 1. Photograph of the 2-K probestation with dies bonded on sample
holder, and differential dc to 70-GHz arms with GSG probes on the east and
west sides.

2-300 K range and a Cascade Summit 9000 probestation in
the 300—400 K range. The 2-K probestation is fitted with dual
dc to 70-GHz differential arms, but only ground-signal-ground
(GSG) probes were used for transistor characterization. The
dies and the impedance standard substrate (ISS) calibration
substrate were mounted on the sample holder using a silver
paste with matched thermal expansion coefficient and high
thermal/electrical conductivity, as illustrated in Fig. 1.

For S-parameter measurements, line-reflect-reflect-match
(LRRM) calibrations using the ISS substrate were conducted
at 2, 20, 300, 350, and 400 K. The 20-K calibration was also
used in measurements conducted at 50, 77, 200, and 250 K.
The pad and interconnect parasitics of the transistor test struc-
tures were de-embedded at each temperature up to the edge of
the HBT using transmission-line de-embedding with two on-
die 100- and 365-um long microstrip lines measured at each
temperature. The measured S-parameters thus de-embedded
reflect the true circuit performance of the SiGe HBT with
all metal wiring up to the top metal left on the transistor.
Therefore, the reported fr and fyax values are ~10% lower
than those obtained with an open-short de-embedding method,
which removes the parasitic resistance and capacitance of the
interconnect on top of the transistor. The same 0.1 um X
4.5 ym HBT with two base and two collector contacts was
measured at each temperature, except at 350 and 400 K, where,
due to degradation of the probe-to-pad contact resistance
because of repeated landings on the same pad, an identically
sized HBT from a different die was measured.

The noise parameters, R,, Ty, and Zgoy, were obtained
directly from the measured dc base and collector currents, /5
and I, the two shot noise sources assumed to be uncorrelated
below f7/3, and the measured Y-parameters of the HBT after
de-embedding, following the method in [11], without having
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Fig. 2. Measured (a) Gummel and (b) output characteristics at 2 and 300 K.
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Fig. 3. Measured SiGe HBT Hy;(f) and extrapolated fr(f) at 2 and 300 K.

to extract a small signal equivalent circuit for the HBT. It is
assumed that the formulas for collector and base shot noise
current power densities (2q/c and 2qlp) remain valid at
2 K. Equations (1) and (2), shown at the bottom of the page,
describe R, and Tyn.

From (2), Finin = (Tmin/To + 1) is derived [12]. Vi = kTlq,
where T is the sample holder temperature and 7y = 290 K. The
external emitter, g, and the base, rg, resistance, the dominant
thermal noise sources, are extracted directly from the measured
Z-parameters of the HBT. The main uncertainty at cryogenic
temperatures comes from the approximation of the thermal
noise power density of a resistor as 4kTR [13]. Its impact on
the measured noise parameters is under investigation.

III. DC CHARACTERIZATION

Fig. 2 shows the measured Gummel and output char-
acteristics at 2 and 300 K. The peak f increases from
~1000 at 300 K to 10 000 at 2 K with the Ic(Vgg)
and Ip(Vgg) curves shifting to higher Vgg and exhibiting
steeper slopes than at 300 K. As seen from the measured
output characteristics, BVcgo decreases at 2 K because of the
increased S, while Rc improves, as evidenced by the steeper
slope of the I¢(Vcg) characteristics at low Vcg. Apart from
the negative output conductance observed at the transition
between the saturation and active regions at very large currents
in the output characteristics, which persists up to 200 K, and
whose origins are explained in [14], the HBT shows excellent
behavior at 2 K with no evidence of dopant deionization.

IV. S-PARAMETER AND NOISE CHARACTERIZATION

The method for extrapolating f7 from the measured Ho;(f)
characteristics by averaging over the 20-45 GHz range and
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Fig. 4. Measured Re{Z;-Z12} and Re{Z,} versus frequency in saturation
for extraction of the external base and emitter resistances at 2 and 300 K.
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Fig. 5. Measured (a) fr and (b) fmax versus Ic/Ag and temperature at
Ve = —0.25 V.
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Fig. 6. Measured (a) fr versus Ic at 2 K as a function of Vgc.

(b) fr, fmax, and NFyn at 5, 40, and 65 GHz versus Ic/Ag at 2 K and
Vec = —0.25 V.

assuming —20-dB/decade slope is illustrated in Fig. 3 at 2 and
300 K. A similar procedure is used to extrapolate fyax
from U(f) at each bias point. The extraction of rg from
Re{Z2(f)} at large I and of rg(Ilc) from Re{Z;;(f) —
Z15(f)} is shown in Fig. 4. Fig. 5 compiles the measured fr
and fiyax versus collector current density from 2 to 400 K.
The peak-fr improves from 300 GHz at 300 K to 458 GHz
at 2 K, while the peak- fpax increases from 295 GHz at 300 K
to 534 GHz at 2 K. While the corresponding peak- f7 (Jper)
and peak- fpax (Jpmvax) current densities remain constant at
15 mA/um? between 300 and 400 K, they increase by 30%
and 20%, respectively, at 2 K. Since Jyr is proportional to
the electron saturation velocity, vnge and the doping in the

0

Ro= —(rp+rs+—1C )
w=—\rg+r
L\ """ 2Vr Yy |?

IcT

N = ——
Vr|Yal?

2Vr|Ya |2 + I5|Ya1|?
%(Yn)-f-\/(l‘f‘ e ”B))(|Y11|2+—B'121' )—32(1/11) 2)
C

Authorized licensed use limited to: The University of Toronto. Downloaded on April 05,2022 at 15:30:33 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BONEN et al.: CRYOGENIC CHARACTERIZATION OF HIGH FREQUENCY AND NOISE PERFORMANCE OF SiGe HBTs 3
30 20 3 130
0 g g0 s 158
10 5 2= =
Q % 5 420 5
o = Q) =
1 ,—wmae_ d ., Z ,® -15%
0.1 1 10 100 o T x 1,
IJA, (mAfum?) —R, S
MAG
Fig. 7. Measured Tyqn and MAG at 5, 40, and 65 GHz versus Ic/A at 2 K. 08,3020 30 20 50 60 70 =5
Frequency (GHz)

—— 5GHz
——10GHz
=——20GHz
= 65GHz

R, (@)
n
OO0 = N W > O

50-- 100 250 )

s 2K
o 300K | | Vec= 025V

° 400K |

25

250

T=2K V. =-025V] -0

A

1 10 > 100
/A, (MA/um”)

-50j

(@ (b)

Fig. 8. Measured (a) R, at 5, 10, 20, and 65 GHz versus Ic/Ap at 2 K
for Vgc = —0.25 V. (b) Zsop at Jope versus frequency up to 70 GHz and
temperature for Vgc = —0.25 V.
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Fig. 9. Measured Tyn versus Ic/Ag at (a) 5 GHz and (b) 65 GHz over
temperature from 2 to 400 K at Vgc = 0.5 V.
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Fig. 10. Measured (a) Tvin when biased at Ve = 0.5 V and Jop for the
given temperature and frequency, and (b) Tmin, at Jop, versus frequency and
Ve at 2 K.

collector, this highlights that v,s increases at 2 K by at
least 30%. Figs. 6 and 7 illustrate the 2 K measured fr and
Jfmax dependence on Vpc and Ic/Ap and of NFyN, Twvin,
and MAG. The fyax “hump” observed in Figs. 5(b) and 6(b)
is correlated with the Iz(I¢) and rp(Ic) characteristics, not
shown here. Fig. 8 depicts R, at several frequencies versus
Ic/Ag, and Zgyy from de to 70 GHz, both relevant for LNA
design. As shown in Fig. 9, Tyiv and Jo, increase with
temperature and with frequency, while Fig. 10(a) captures the
frequency dependence of Tyn from 2 to 400 K and, at 2 K, for
Vic in the —0.5 to +0.5 V range, as shown in Fig. 10(b). The
best Ty is lower than 1 K below 8.5 GHz, the best reported

Fig. 11. Measured TmiN, Ry, and MAG at Jop versus frequency at 2 K
when biased at Vgc = —0.25 V and Jop for the given frequency.
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Fig. 12. Measured (a) external emitter and base resistance and (b) Jop; versus
temperature.

for a SiGe HBT. Fig. 11 compiles the LNA-design-relevant
TviN, Ry, and MAG, all at Jop bias, as a function of frequency
at 2 K. MAG(Jopt) and TN (Jope) remain higher than 10 dB
and lower than 18 K, respectively, up to 70 GHz. Finally, the
~10x reduction in Jop at 2 K from 400 K is explained by the
more than linear reduction of thermal noise with temperature
due to the decrease of rg and rp by a factor of 2 and 3,
respectively, between 400 and 2 K, as shown in Fig. 12.

V. CONCLUSION

We have reported the on-die characterization of the HF
and noise parameters of SiGe HBTs down to 2 K. The noise
parameters were obtained using an established method based
solely on dc and S-parameter measurements and which was
validated at room temperature using direct noise parameter
measurements in [11]. Without the need for dedicated noise
measurements or extracting an approximate small signal equiv-
alent circuit, this method yields very smooth noise parameters
up to 70 GHz, on par with the accuracy and smoothness of
the measured Y-parameters. The cryogenic noise parameters
extracted using this approach still need to be verified by direct
on-die noise parameter measurements with an external noise
source. That remains a challenge at 2 K and is the subject
of future work. Most importantly, unlike g,,, fr, and fuvax.,
which saturate below 70 K (not shown), Tyyn continues to
decrease down to at least 2 K, with a record value of 0.62 K at
5 GHz. Since Jop also decreases by approximately a factor of
10 between 300 and 2 K, low-noise amplifier design requires
a dedicated HICUM model, extracted at 2 K. This remains a
challenging topic to be addressed in future research.
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