N

N

On-Wafer Broadband Microwave Measurement of High
impedance Devices-CPW Test Structures with
Integrated Metallic Nano-resistances
K. Daffe, F. Mubarak, V. Mascolo, H. Votsi, N. Ridler, Gilles Dambrine,
Isabelle Roch-Jeune, Kamel Haddadi

» To cite this version:

K. Daffe, F. Mubarak, V. Mascolo, H. Votsi, N. Ridler, et al.. On-Wafer Broadband Microwave
Measurement of High impedance Devicess-CPW Test Structures with Integrated Metallic Nano-
resistances. 2018 48th European Microwave Conference (EuMC), Sep 2018, Madrid, Spain. pp.25-28,
10.23919/EuMC.2018.8541607 . hal-02056825

HAL Id: hal-02056825
https://hal.science/hal-02056825
Submitted on 4 Mar 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02056825
https://hal.archives-ouvertes.fr

On-Wafer Broadband Microwave Measurement of
High impedance Devices - CPW Test Structures witl
Integrated Metallic Nano-resistances

K. Daffe’, F. Mubarak, V. Mascolo, G. Dambring I. RocH and K. Haddadt

*University Lille, CNRS, UMR 8520 - IEMN, F-59000Il€, France
"VSL, Van Swinden Laboratorium, Delft, The Nethedan
kamel.haddadi@univ-lillel.fffmubarak@vsl.nl

Abstract — On-wafer microwave characterization and

uncertainty evaluation of two-port coplanar waveguile (CPW) IIl. TECHNOLOGY AND FABRICATION

high impedance nanodevices devices are proposed. Tlest
vehicles are built up with resistive metallic nandilms integrated
in tapered CPW structures. Microwave conductance irthe range
100-500uS associated to parallel capacitances inettorder of
hundreds aF are exemplary shown up to 20GHz. In adtion, the
uncertainty related to the post-calibration residud errors terms
together with a sensitivity study to the technologial process
variability using FEM-based EM modelling are consiared.

Keywords — On-wafer calibration, vector network analyzer
(VNA), two-port measurement, coplanar waveguide (CW),
uncertainty.

I.  INTRODUCTION

The high impedance devices are fabricated by fatew
nano-resistances within gaps of CPW test structuvih
ended tapered transmission lines (Fig. 1). Theidation
process on a 3 inches semi-insulating Gallium Adse(GaAs)
wafer, 625um (+/-25um) thickness, was divided i twain
steps. First step was the definition of nano-rasists (100 nm
width). A resist bilayer was spin-coated and e-beam
lithographed with a nanomasker EBPG5000plus (VI&tec
Then, a 31nm titanium (Ti) layer (measured meanejawas
evaporated and the lift-off was achieved to forsetof nano-
resistances (48 sheet resistance), which theoretical
resistance values vary from 2 to 10.kSecond step was the

The microwave characterization of extremely highdefiniton of CPW access pads. The spin-coatinge th

impedance devices is still challenging [1]. Theiessf dealing
with extreme impedance measurement has yielded/éoiety
of measurement techniques involving nanodeviceseéenxd
in CPW test structures. In 2005, the first measemsof the
high frequency conductance of a metallic single ledhl
nanotube (SWNT) with resistance below 2@ ikserted in a
CPW transmission line were performed up to 10 GHz Ih
2008, an on-wafer technique and calibration metlaod
developed for broadband electrical characterizatibrGaN
nanowires up to 40 GHz [3]. Recently, [4]-[5] refsat
progress towards establishing traceability for aanpt
environment and reported detailed uncertainty btsdge

In this work, a conventional device characterizatset-up,
i.e. a vector network analyzer (VNA) connected tpaér of
GSG probes, is proposed

impedance microwave measurement. The test veltblesen
consist of nano-resistances ranging from 2 toQ@kbedded
in CPW test structures. Section Il described tlodrelogical

fabrication of the nanodevices. Microwave measurgme

including calibration and de-embedding methods el in
Section |l
extraction up to 20GHz. The impact of the postbration
residual errors terms and the technological provassbility
using FEM-based EM modelling for low RF conductanoce
capacitance values determination are presenteeatios V.

in a CPW series-through
measurement configuration to tackle the issue dfhhi

demonstrate accurate microwave condgetan

alignment and e-beam writing of a new resist bitayere

performed. Afterwards, a 25nm adhesion Ti layer and
500nm gold (Au) layer were deposited and lifted-dfor

instance, Fig. 1 shows a 4um gap test structute inieégrated
Ti nano-resistance.
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Fig.1 Scanning electron microscopy (SEM) image&dfthe general view of
the wafer, (b) the zoomed view of 4um gap with @RW accesses and
(c) magnified view of the 4um gap with integratedno-resistance.



After fabrication, a Tescall Mira XMU SEM is used for the circuit element. When the operating frequency iases, the
measurement of the critical dimensional paramekosthe Ti  magnitude of5,; is affected as frequency effects appear. Same
thickness, a white-light interferometer is used.e Téheet conclusions can be drawn for the measured phafigishithe
resistance is measured using a standard four-poifhase-shift is negligible in the lower frequencyndbabut
measurement technique. In TABLE |, both nominal andnicrowave effects induce variations in the measykdse-
measured parameters are given for a 4pum gap denitéor a shifts with frequency increase. At the first ord€RPW pads

20pm empty gap device (used for de-embedding proegd capacitances, capacitance coupling (between inpitoatput
CPW pads) and propagation effects (in the uppeyuiacy

TABLE | limit) are mainly responsible of the phase-shinsitures.
PARAMETER MEASUREMENT VALUES FOR CPW DEVICES
4um gap 20um gap [Su] (dB) Arg(S,; ) (deg)
Parameters (DUT) (de-embed.) 0.0 0
Meas. [nom] Meas. [nom] ol
Wi(pm) 102 [100] 102 [100] '
W(m) 299 [300] 299 [300] 02 T 20
D(um) 65 [66] 65 [66] 03
H(um) 1.7 [1.8] 1.7[1.8] 40
Ws(um) 2.4[2.3] 2.42.3] -0.4
Wr(um) 3.9 4] 19 [20] 05 |
Lr(nm) 110 [100] 115 [100] -60
-0.6
-0.7 . -80
[ll. EXPERIMENTAL SET-UP AND MEASUREMENTS o s 10 15 2 6o 5 10 15 20
Freq. (GHz) Freq. (GHz)

A. Experimental set-up and vector calibration.
@) ) (b

Fig. 2 Measured (a) magnitude and (b) phase-shifthe forward reflection

coefficient S; for CPW structures with integrated nano-resistaricegaps

varying from 4 to 20um.

The experimental setup involves a MPS150 conweal
on-wafer probe station from Cascade Microtech® Wwhic
equipped with a pair of 1@@n pitch GSG Infinity® probes.
The vector network analyzer (VNA) used fBparameters
measurements is an E8361A (PNA) operating up toH7G 15,1 (dB) Arg(S,, ) (deg)
from Keysight®. The intermediate frequency (IF) tardth =2 120
is set to 100Hz and the RF signal source to -10dBhe =
frequency range is set from 100MHz to 50GHz with a
frequency step of 100 MHz (491 points). In the daling,
only measurements data up to 20GHz are considsrat@e
20GHz, frequency effects dominate. An on-wafer SOLT
vector calibration was applied at the probe tipegian ISS
(impedance standard substrate) from Cascade Madr@te
The measured forward reflection coefficiers; and
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transmission coefficien§,; are shown in Fig. 2 and Fig 3 70 30
respectively. In addition, the measurement of tie-port
CPW empty structure (gap = 20um) is also reported. 80 o0 o "
. . L. 5 10 15 20
Data reported on Fig. 2 shows a reflection coedfiticlose Freq. (GHz) Freq. (GHz)

to one, indicating a high impedance mismatch betwie

500 impedance of the measurement set-up and the high d((f;‘) tude and (b) phase-shi f)(b it .

. s . 1g. easured (a) magnituae an phase- arorwara transmission
mpedance of the resistive deVICe.S' quever, thasued coefficient S,;; for CPW structures with integrated nano-resistaricegaps
magnitudes 065, can be used to discriminate each case. Thgyying from 4 to 20um.

phase-shift ofS;; shows the same signature for all the cases

considered. In addition, linear frequency behaviosr B. De-embedding procedure
observed. Consequently, the phase-shift is mattijpated to A de-embedding technique is proposed to take iotoant
wave propagation through the input access pad (@adKorth) the pads and propagation effects. The method densis
whereas most of the microwave signal is reflecteth@ open  subtracting from the measurement data the parasitacts
ended pad / resistive nano-film interface. related to an empty gap CPW structure (Fig. 4)pdrticular,
Fig. 3(a) shows a good measurement sensitivityhef t the de-embedding CPW empty structure has a gapjoh2in
magnitude of the forward transmission coefficiéht. The accordance with the largest gap of the device unests
responses are nearly flat in the lower frequencyidba (DUT). Indeed, the DUTs present gaps varying fromo4
indicating that the resistance can be modelled &smped 20um. It has to be mentioned that the de-embeddeglex



impedance or admittance of the DUT gives only athet 1

value in respect to the de-embedding structuradtition, the | | | :gﬁm
procedure assumes that the CPW access pads atieatiéor 0.8f :%mm
both the DUTs and the de-embedding structure. Ttvesdast ) 124
points will be discussed in Section IV. T z06; S
8 pm
2 18um
50_4——_/_/ —20um
o _———/
0.2
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Fig. 5. Relative effective conductance versus deegy for different gap
lengths. The data were de-embedded with respéicetdOpum gap
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Fig. 4 SEM image and associated electrical lumdethent circuit of the
4um gap (DUT) and the 20um gap de-embedding steictu
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The measure&parameters of the DUT and the de-embedding J 0

structure are converted to admittance parametéys The o2
resulting admittances matrices denoted respectiaslyp? 04 ‘ ‘ ‘
andY,»r can be expressd as o 5 10 15 20
Freq. (GHz
yM _ — yINT 4 yM (1) Fig. 6. Relative effective capacitance versus fesgy for different gap
bur — “DUT EMPTY lengths. The data were de-embedded with respéicet20um gap.
Where Y/¥T denotes the intrinsic admittance of the DUT. IV. DISCUSSION
; ; ; NT ; . . .

conductanceG=Real(Yg‘{,TT) and effective capacitance resistive nano-films exhibit relatively low effeot

YINT)/w matrices can be extracted (with the conductance values together with parallel effective

C = Imag(Ypyr

angular frequency). The resulting data are preseint Fig. 5
and Fig. 6.

Fig. 5 shows RF effective low conductances varyirgm
about 0.1 to 0.5 mS in the lower frequency regirRkat

capacitances in the order of hundreds of aF{@0 The
question arises regarding the measurement accunatiye

determination of such small quantities. Indeedorsrdue to
the hardware imperfections, i.e. the vector netwamklyzer,
those imputable to probe contact repeatabilitys¢hlated to
responses are observed up to 5 GHz whergas fregjeéfacts the definition of the calibration standards anded#&edding
hoticed .for the smallest gaps are attributed to tee structure and those arising from the manufactupngcess
embedding process (gap = 20 um) and could be urthgeem to he not in favour of the determination cdryitative
improved by de-embedding each DUT with its corresiog o,y yalues. In this effort, methods to lower theaserement
CPW test structure without nano-resistance (forpsitity,  yncertainties are first proposed. Then, the impudc(i) the

only the 20 pm empty gap was considered). In theesa post-calibration residual errors terms and (ii) tibehnological
manner, Flg 6 shows effective Capacitances witht fl process Variabi"ty using FEM-based EM mode”ing ihie
responses from 5 to 10 GHz. Reactive effects inldhkeand  determination of low-value conductance and capacéaare
high frequency domains that affect the measure@ @sé& considered.

linked to the de-embedding and other reactive &ffénot _ _

taken into account in this¥lorder modeling). It has to be A Lowering the set-up measurement uncertainty

noticed that the capacitances values are deterniinesspect The device characterization is performed in a Cie¥ies-
to the de-embedding 20um gap structure and caneot Bhrough measurement configuration to tackle theiassf
considered as absolute values. In fact, the qasimgt €xireme impedance microwave measurement. Indees,
determination ofC,, would require fine modeling of the de- {€chnique benefits from the measurement sensitivityl
embedding structure. In other words, the negatifeceve  2CCUracy in transmission mode much better thanemtional
capacitance data obtained for some of the DUTs tdenoONe-POrt measurement configuration limited by dirty

relative values only. The effective capacitanceuealare in e:;%rghinM;r:tec;\E)eor\,/eStzoggasz“CTﬁ(rarr%rfi)resucr:jaifita?ir\;‘eﬁome
the order of only hundreds of aF with capacitanagations b . » )

should be ideally performed below 20 GHz includingthe
between the DUTSs of tens of aF. ultra-low frequency regime that offers a broad erfgr

th



electrical mechanisms studies [6]. Finallylow-case
measurement uncertaintycan be achieved if the full
measurement campaign (including calibration, deeddmng)

are performed in a short period to lower stochaatiors such
as drift inherent to environmental variations.

B. Uncertainty related to the vector calibration

The method starts with the determination of thente¥,
T, , W4 , T, and u, that are the post-calibration residual

calibration error terms of the calibrated VNA obtd forn
different vector calibrationsn(= 6 in the present study) [7].
The complex values of the post-calibration residuedr terms
are extracted as the mean complex distance reladed
successive vector calibrations. These non-systemasidual
errors that include the random (noise, connectpeatability,
probe contact repeatability), the drift and staépileffects
between two measurements are quantified and prtgzhda
the DUT using the following partial differential eations

. 2+ x, ’
i = @ ‘Sj‘ w i

)

TABLE I
UNCERTAINTY AND SENSITIVITY ANALYSIS ON A 4uM DEVICE
Frequency 5GHz 10GHz 20GHz
Uncertainty Ci12 meas(fF) 0.61 0.63 1.15
fromB AC, (aF) 0.5 1.0 3.5
(analytical G12_meas(MS) 0.36 0.41 0.64
modeling) AG, (US) 0.2 0.4 1.0
Sensitivity Ci2 sm(fF) 0.36 0.37 0.26
fromC ACy, simv(aF) 366 303 480
(EM modeling) | Gy, s (MS) 0.54 0.63 1.31
AG1, sm(US) 264 311 670

V. CONCLUSION

On-wafer microwave characterization of high impesan
nano-devices consisting of metallic resistive néims
embedded in tapered CPW two-port structures hawn be
demonstrated up to 20 GHz. From the experimentyjrate
extraction of microwave effective conductance
capacitance in the order of the uS and lower thenff are
demonstrated respectively. In addition, uncertaistydy
related to the vector calibration together withuadyg related to
the admittance sensitivity were proposed to suppbg

whereX; denotesG; or C;. The method has been applied atexperimental data. These results altogether ateugtive for

the test frequencies 5, 10 and 20 GHz for the DUth wum
gap (TABLE lI).

C. Admittance sensitivity
dimensions

The determination of the sensitivity inherent toe th

manufacturing process variability is studied by FHdsed
electromagnetic modelling using CYT software. First, a
model parameterization using nominal
dimensions from TABLE | is carried out to identitye critical
parameters for subsequent FEM-based EM modellinthef
CPW structures. Then, the uncertainties of theouaridevice
parameters are propagated through EM simulationshéo
DUT (TABLE II).

First, the uncertainty related to the set-up shdtest
capacitances values as low as hundreds of aF caccheately

measured with a capacitance uncertainty two order o
itself. [3]

magnitudes lower than the capacitance value
Conductance uncertainty as low as the uS is adblievar
conductance value in the order of hundreds of uS.

Regarding the EM analysis, differences are observed
between the measured and simulated admittancesaay m [4]

factors influence the results (meshing, materiadpprties,
interface between substrate and resistive
Nevertheless, simulated data show same frequenaiyitenn

than their measured counterparts for &fbarameters. The
simulation data are very instructive as they shoat tthe
variability process induces measurement error & 86 and

264 pS for simulated capacitance of 360aF and 540uSs]

respectively at 5 GHz. Same conclusions are drawmther
test frequencies. These findings shows that
characterizations (dimensions, material propertiesing
microscopy techniques should be ideally done ptioithe
microwave characterization to yield quantitativéues.

related to the CPW critical

and measured

nang-film

hybrid

the establishment of planar microwave measuremeits
nanodevices and form the basis for future traciabdf
microwave measurements at the nanoscale.
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