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Abstract In this paper, we perform on-wafer
characterization of an InP double heterojunction bpolar (InP
DHBT) up to 220 GHz using conventional characterizabn and
de-embedding methods. Transistor measurements are alyzed
through a comparison with the small-signal model saulation.
Transistor accesses are modeled in order to understd how
parasitic parameters are distributed and to proposesubsequent
improvements.
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I.  INTRODUCTION

The world today is experiencing the era of inteasiv
advancements in communications, as the amountrucoed
data grows more and more with the emergence ofdeemands
in the form of remote working or video streaming.
Consequently, these new services have created &ingro
demand for high speed optical fiber systems [1f] wihrequire
even faster electronic systems.

Due to their high operating frequencies associaiduhigh
breakdown voltages, InP double heterojunction lipol
transistors (InP  DHBTs) have a major role to play i
communication value chain. Indeed, maximum osaliat

to 220 GHz. The rest of this paper is organizedodsws:
section Il details the technology under test anel RF test
structure design. Section Il details the measurgsand the
modelling of a single transistor. The parasitieef§ stemming
from transistor accesses are then studied and taddellowed
by the conclusion.

Il. TECHNOLOGY UNDER TEST

A. Technology description

The InP DHBT vertical structure is grown on a ¥ns-
insulated InP substrate using Solid Source MoleécBleam
Epitaxy (SSMBE) by IntelliEpi. The intrinsic emittés made
of 40-nm thick InP Si- doped at 5 x11@nt3. The highly C-
doped (8 x 18 cnTd) InGaxAs base is 28-nm thick and is
compositionally graded from x = 0.47 on the emisiiele to x =
0.53 on the collector side in order to reduce thedit time. The
130-nm composite collector contains an unintentigrdoped
InGaAs spacer, a highly doped (4 *¥416m™3) InP doping
plane and a lightly doped InP collector (< 2 *8hT3) to
achieve a high breakdown voltage.

The transistors are fabricated using a wet-etdhasighed
triple mesa technology detailed in [7]. Various nBistor

frequencyfwax higher than 1 THz has been reached with botfgeometries are available on this technology: thiétenwidth

type-1 [2] and type-Il [3] DHBTs while keeping adakdown
voltage B\tgo higher than 4 VV and 5 V, respectively.

As characterization up to THz frequencies are diffiand
very expensive, InP DHBT RF figures of merit arenocoonly
extrapolated from lower frequency (< 110 GHz) measients.
However, the fact remains unchanged that
characterization at higher frequencies are neagledrifirm the
cut-off frequencies as well as to extract and \aédthe
associated device compact model, and thus enatindesign
of sub-millimeter-wave integrated circuits. Someeypous
works have already demonstrated InP DHBT charaettoin
beyond 300 GHz [4], [5] using less conventional oels such
as on-wafer calibration. With the emergence of Gkx
broadband vector network analyzer (VNA) [6], ihisw being
considered feasible to fully characterize a wafetai220 GHz.
In this context, on-wafer characterizations of siators have
been performed up to 220 GHz
measurement procedures (i.e. off-wafer calibratiod open-
short de-embedding). Some limitations of this applohave
become apparent that are needed to be analyzerém to
achieve the objectives of on-wafer transistor cttgrazation up

accurate

using conventionall he

varies from 0.3-um to 0.7-um and the emitter lefigim 3-um
to 10-um. Fig. 1 shows a scanning electron miapg¢SEM)
view of a transistor before interconnections.

Fig. 1. Scanning electron microscopy of a 0.4pn® InP DHBT

The performances of a 0.4 x 5 umz2 InP DHBT has been
detailed in [7]. The static current gagfnis around 30 and the
common emitter breakdown voltage Bais higher than 4.5 V.
frequency performances ardy =380 GHz and
fuax = 605 GHz at ¥e = 1.6 V and d= 5.8 mA/um2,



B. RF test structure design
Transistor characterization up to 220 GHz requihesuse

maximum oscillation frequency is, on the other hambre
complicated. In fact, two different values can b&acted for

of dedicated RF test structures. Fig. 2 showsrtbasured test €ach bias point: a value between 25 and 60 GHzugsal
structures. They have been optimized to achieved godP€tween 60 and 110 GHz are ignored due to theepecesof

measurement accuracy while maintaining a high derdi
transistors. These structures have demonstratadfysay
results up to 110 GHz as presented in [8].

Fig. 2. Photograph of the measured RF test stregtu

A continuous ground plane that connects all tastictures
together has been implemented following the reconuratons
of [4]. It allows to reduce both the probe-to-suhts coupling

and the coupling between neighboring structurese Th

structures are arranged in a checkerboard configuraas
introduced in [9]. Owing to this configuration,ist possible to
reduce the distance between columns without incrgathe
coupling with other structures.

I1l. RESULTS AND DISCUSSION
Two sets of RF measurements were carried out terdbe

220 GHz spectrum. In the 1-110 GHz frequency range,

measurements were performed with an Agilent ES3NA
and a 100-um pitch Picoprobe RF probes. In the2RIDGHz
range, measurements were performed using a Rohde
Schwartz ZVA 24 VNA with a ZC220 extender. The RBles
used in this band are 100-um pitch Cascade Infprityes. To
ensure a good band continuity, the calibration wetthsed in
the two measurement bands is an off-wafer Short@mad-
Through (SOLT) calibration. It is performed usingetlSS
calibration kit GGB CS-5 in the lower band and a&scade
138-357 in the upper band. The validity of this Inoet has been
proven up to 200 GHz [10].

A. Transistor RF characterization

The transistor under test has an emitter width4{.0n and
an emitter length of 7 um. In order to remove pécasffects
due to the interconnects, an open-short de-embgdglapplied.
The transistor is biased at¥= 1.6 V as this bias point allows
a good trade-off between the maximum values ahdfuax.

The transition (resp. maximum oscillation) frequeris
then extracted with the current (resp. Mason’sh-grindwidth
product as shown in Fig. 3.

The extraction of the transition frequendy is quite
straightforward as the current gain-bandwidth pobdsl pretty
flat for frequencies higher than 30 GHz. The extoarcof the

probe signatures that strongly impact the gain iédith

product) and another value between 140 and 20Q GHz
. ‘ . ; 600 = ; ‘ .
400}
o
5 300}
-
X 200¢
T 100)f °© 11mA]
e 7mA
0 ) ) _° 3mA 0 ) ) ) )
0 50 100 150 200 0 50 100 150 200

Frequency (GHz) Frequency (GHz)

Fig. 3. Measurement (symbol) and small-signal rhateulation (line) of
current gain-bandwidth product (left) and Masoresngpandwidth product
(right) at different collector curreng¢ bnd \Vee = 1.6 V

B. Small-signal modelling

In order to extract the value of the maximum oatibin
frequencyfuax, small-signal modelling of the transistor has
been performed for different collector currentg.Fd shows
the chosen small-signal model.
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Fig. 4. Hybride small-signal model of an InP DHBT

With the purpose of having a consistent modellihg t
model is split in two parts: the extrinsic part wolhiis
independent of the collector current and the istdpart which
depends on it. Among the intrinsic elements, we the
following equations:

_qle
Im =7 €Y
R, = ﬁ 2)

Im
Cr = Cgg + gnmTr 3

with n being the ideality coefficient of the bagaitter junction
andte being the transit time.

Table 1 summarizes both the extrinsic and intrissiall-
signal parameters. The estimation of the intriggcameters
requires the extraction of, B, Rsi, Rec, Caci at each bias point.



Extracted parameters behave as expectgdaml Gci values
decrease with the current. Moreover the value efdhitter
resistance R the collector resistancecRthe extrinsic base-

collector capacitance g&, and the base-emitter capacitance

Cee are really close to their theoretical values [11]:
Re, = 3.3Q, Rc, th= 1.6Q, Cscx, = 6.2 fF, and &g, = 19 fF.

Table 1. Small-signal parameter values

Extrinsic parameters

Rex 4.8Q L 8.4 pH Gex 6.6 fF
Re 3.4Q Le 1.7 pH Ge 5.3fF
Rc 2Q Lc 8.1 pH Ge 175 fF
Intrinsic parameters
Ic 3 mA 7 mA 11 mA
C: 46.5 fF 79 fF 101 fF
R 444Q 203Q 140Q
Om 75 mS 175 mS 275 mS
Caci 2.1fF 1.6 fF 14 fF
Rei 16.2Q 13.5Q 12Q
Rec 159 K2 105 K2 73 kQ

The comparison between the measured and simulated
parameters is plotted in Fig. 5 and Fig. 6. Adyagreement
between simulation and measurement results is redgtaior
most parameters. A slight discontinuity is obseraatbng the
two frequency bands. This is attributed to the aigre of the
probes and their positioning on the contact padsesidering
the off-wafer SOLT probe-tip calibration. It is ressary to note,
however, that an important difference is observedthe
magnitude of & which could explain the behavior of thgx
gain-bandwidth product.
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Fig. 5. Measured (symbol) and modelled (line) S&peeters’ magnitude of a
0.4 x 7 um?2 InP DHBT at differeng |

Gain-bandwidth products obtained from the simutadio
have been compared with the measured ones inFi4.good
agreement is obtained for the current gain-bandwpfoduct
on the two frequency bands. Regarding the Masoris ¢
bandwidth product, differences are observed fronGélz
onwards. As explained before, the probe signatismeigts the
measurements between 60 and 110 GHz.
frequency band,
simulated and measured S-parameters is reflectetedfiax

For the uppstructures.
the differences observed betweem thmeasurements of open and short structures. Thesadegni

extraction. A detailed study of the steps precettiegextraction

of the gain-bandwidth product could thus explaine th
inaccuracy in the upper frequency band.
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Fig. 6. Measured (symbol) and modelled (line) &peeters’ phase of a
0.4 x 7 um?2 InP DHBT at differen |

€. Transistor access modelling

Measurements presented in the previous section were
processed using open-short de-embedding. For tlis d
embedding to be valid, open parallel parasitic simoit series
parasitic values must be constant over the whagquigncy
range. Fig. 7 shows the equivalent electricalutirmodel of
the open and short structures as well as the dattac
inductances and capacitances. Both capacitanciednctance
values are not constant in the upper frequencyeramigich
indicates that open short de-embedding is partilgulaot
suitable in thes-band (140-220 GHz).
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Fig. 7. Electrical equivalent model of the a) opgrshort and extracted values
of ¢) open capacitances and d) short inductances

More specifically, it indicates that parasitic ekmts are
distributed and thus invalidates the model represkim Fig. 7.
In order to understand the actual distribution aifgsitics, the
transistor accesses have been modelled. First,péuk is
modelled using measurements of the pad-open andhpat
Then, the full access is modelled using

electrical model of the open and the short strestas well as
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Fig. 8. a) Open equivalent electrical model b) Short eajeit electrical model ¢) Comparison between mreasents (symbol) and model (line)

the comparison between measurements and modelationd
are shown in Fig. 8.

Overall, a good agreement is obtained as depictdeg.
8(c).The four test-structures that are used fontbdelling are
shown in Fig. 9. The use of different probe desigrs well as
a different placement of the probes, leads to dfsmncies in the
upper frequency range, particularly a shift of icidunce values.
Similarly, the G2 capacitance behaviour is strongly impacted(l]
by the probe design.

N N O I O
Fig. 9. Passives structures (left to right): ppe+g pad-short, open, short
Several insights emerge from the analysis of thevedent
electrical circuit model. As expected, parasitieneénts are
distributed. The pad itself features a distributeddel and it

contributes to more than 90% of the overall paiasit
capacitances and around 50% of the inductances. péde
dimensions have already been reduced to the miniaiiowed
dimensions for probing. So, one way to further pedthe de-

embedding parasitics would be to move the measureme

reference plane closer to the DUT after calibratemthat the
pad parasitics would be a part of the calibratiep $12].

(5]

(6]

(7]

IV. CONCLUSION

We demonstrated the on-wafer RF measurements lofPan
DHBT using conventional method such as off-wafdibcation
and open-short de-embedding up to 220 GHz. In aalitve
present a methodology to analyze the limitatioas éiise from
this method. Small-signal modeling at multiple bijagints
allowed validation of the measurements up to 11@GH
Furthermore, detailed study and modeling of thexdistors
accesses highlighted the distributed nature ofgitiz@lements
in theG-band.

The detailed analysis presented in this paper oppribe
way for 220 GHz broadband measurements. In paaticul
highlights the fact that the use of an on-wafeibcation would
be judicious to shift the reference plane of theasneements
closer to the device. Thus, the conventional opgenrtsde-
embedding would still be valid in high frequencygas.

(8]

(9]

(10]

(11]

(12]
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