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Abstract- During the AC impedance characterization of de- capacitors, and we will discuss two techniques to restore the
vices, from the kHz-range up to the GHz-range, accuracy can measurement accuracy in the MHz range:
be lost when a DC voltage is applied. Commercial high-voltage
broadband bias-tees are often voltage-dependent, which can cause a. through an additional calibration at the applied voltage.
inaccuracies at low frequencies. A calibration technique with b. a new hardware solution with integrated limiters. The
applied bias significantly improves the measurement accuracy. limiters protect the measurement equipment from high-
Additionally, a bias-tee has been developed with a voltage- voltage spikes in case the DUT breaks down under DC
independent capacitor, suitable for DC voltages up to 500 V voltage stress.
showing excellent performance up to several gigahertz. PIN diode
limiters protect the measurement equipment from damage in case We demonstrate the efficiency of these two techniques with
of a device breakdown. two measurement examples: a voltage-independent (NP0)

I. INTRODUCTION capacitor embedded in a low temperature co-fired ceramic
Wide-band electrical characterization, although preceded (LTCC) multi-layer board, and a tunable voltage-dependent

' ~~~~~ferroelectric capacitor with a barium strontium titanate (BST)by a calibration, could show voltage-dependent measurement dielectric[1].
errors with or without a device under test (DUT). During [ ]
the characterization of capacitors, from the kHz-range up to II. BIAS-TEES IN GENERAL
the GHz-range, we found that the measurement accuracy in
the MHz frequency range was severely reduced due to an Bias-tees are electronic circuits that supply a DC voltage to
unanticipated DC voltage sensitivity of the bias-tee. Before a DUT, while the AC measurement signal can pass undisturbed
performing the device measurements with any Vector Network from the measurement equipment to the DUT and back. A
Analyzer (VNA), a calibration is required to subtract the series capacitor C, between the AC ports (see Fig. 1) blocks
parasitic contributions of the VNA, bias-tee(s), cable(s) and the DC signal from the measurement equipment connected to
probe(s). A VNA generates AC signals, and can record the port 1. A resistor R and/or a coil L provide a DC current and
magnitude and phase of the reflected and transmitted signals. voltage to the device at port 3, while blocking the AC signal
On each measurement port of the VNA a bias-tee is connected. from the DC power supply connected to port 2.
The function of a three-port bias-tee is to superimpose a DC
input voltage with the AC signal of the VNA [3]. Many AC Cs AC&DC AC s AC&DC
impedance analyzers have built-in bias networks, but most.' PORT 1 ~~~~PORT 3 POT1 PORT 3require external bias-tees for high voltages (typically above PORT PORT 1
40 V). High-voltage wide-band bias-tees are commercially R
available for frequency ranges from the kHz-range to the GHz- DC DC
range. These are well suited for many applications such as PORT 2 PORT 2
short pulse measurements. Wide-band measurements are also Fig. 1. Simple and common bias-tee designs with a R-C or a L-C
required for material characterization. We use bias-tees for architecture.
characterization of capacitors with new dielectric materials.
The DC sensitivity of a commercial bias-tee is shown during The choice for either a resistor or an inductor depends
the measurements by a gradual change in phase at low fre- on the amount of DC current required for the application.
quencies and a resonance. These two effects are systematically For relatively small currents a resistor is used, while for
analyzed in this work. relatively large currents (e.g. I >10 mA) inductors are used.
In this paper we elaborate how a bias-tee works and we Inductors likely become self-resonant at higher frequencies
discuss trade-offs made in commercial high-voltage wide-band due to parasitic capacitances and require a multi-stage design
bias-tee designs. The measurement problems are exemplified to suppress those resonances. Resistors can provide a flat
through characterization of a commercial Picosecond bias- impedance over a wide frequency range and are preferred if
tee. Furthermore, we mention the properties of ferroelectric the small AC dissipation and the DC current limitation can
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be accepted. dielectric constant. Determining the performance in the kHz-
MHz frequency range is crucial for obtaining insight into

Wide-band bias-tees need high value coupling capacitors the quality of the dielectric layers. Such tunable ferroelectric
Cs. The impedance capacitors can be integrated in microwave applications such

as impedance networks [8], phase shifters [9], or in RF

Z=Rs + -'(1) filters [10].

should fulfill the relation and the reactance To draw profound conclusions about the performance of the
capacitive test structures from kHz-GHz frequency range, the

1 <50 Q (2) measurement errors caused by a bias-tee with applied DC bias,
Z CCs should preferably be negligible during the characterization.

Hence the measurement errors should be reduced as muchat the lower cut-off frequency wc. The coupling capacitor will ' .
otherwise reflect most of the AC signal. The series resistance as possible.
RS models the power dissipation of Cs. It is approximately V. REDUCING MEASUREMENT ERRORS IN THE MHz
equal to the resistance of the metallic electrodes and connec- FREQUENCY RANGE
tors. The capacitors should be small in physical size to avoid This sections describes two options two reduce the mea-
parasitic inductances and resonances at high frequencies. surement errors caused by a voltage-dependent commercial

III. COMMERCIAL BIAS-TEES bias-tee at low frequencies.

Many commercial high-voltage wide-band bias-tees are A. An additional open calibration standard
built with capacitors with ferroelectric layers, which are much To demonstrate the effect of a voltage stress on the trans-
smaller in physical size compared to voltage-independent type mission path, the phase of the signal was analyzed. The phase
NP0 capacitors with the same voltage rating. Albeit, this error determines the accuracy of capacitance measurements.
comes at the expense of a substantial voltage-dependence. In the experiments an Advantest R3767CG VNA was used
The influence of a variable coupling capacitor is strongest at with external bias-tees. A commercial, very wide-band (f = 20
low frequencies when the imaginary part (wCs)-1 becomes a kHz-18 GHz), high-voltage (max. 200 V) Picosecond 5530A-
significant fraction of the impedance of the DUT. At high 104 bias-tee [11], suited for low-current applications, was
frequencies the impedance of a ferroelectric capacitor (see utilized. A two-port measurement setup is used and two
equation 1) is dominated by the series resistance Rs of the Picosecond bias-tees were connected in series, so that the AC
metal electrode layers Zs - Rs. The voltage-independence ports are connected to the ports of the VNA (see Fig. 2).
of the series resistance of the metal electrodes thus allows
a voltage-independent calibration at high frequencies. The
next section discusses the properties of ferroelectric capacitors
in more detail, including some examples of their use in
microwave circuitry. PI P 3 PD

IV. FERROELECTRIC CAPACITOR TEST-STRUCTURES

We use bias-tees mainly to assess the performance of
thin-film ferroelectric capacitors over a wide frequency
range. Wide-band measurements are required for material
characterization to determine dispersion caused by: leakage
current effects, relaxation effects (e.g. in ferroelectric DC DC
capacitors), distributed effects, electro-acoustic resonances Picosecond Picosecond
(e.g. SAW [4], or BAW [5]), ferroelectric hysteresis effects [6] 5530A-104 5530A-104
or to verify the component specifications. Wide-band bias-
tees are most versatile and hence popular components. In AC AC&DC AC&DC AC
ferroelectric capacitors the relative dielectric constant cr and -AC AC D A & A
the loss tangent tanl change due to a saturation of the
polarization with voltage (non-linear behavior), a change Fig. 2. The RF measurement setup which was used to show the phase
in the crystal structure with temperature and relaxation of difference over frequency before and after applying Vdc =60 V. Two

In th lok* l frqec rage lekg curets commercial bias-tees Picosecond 5530A-104 were connected in series to portdi1poles [7].I n O H rqec rne eKg urns 1 (P1) and 2 (P2) of the VNA. The AC power of the VNA was set at PAC 0
ferroelectric domain switching, domain wall movements, dBm.
impurity atom reorientation or space charges dominate the
capacitive response. At high frequencies atomic and dipole The DC voltage was isolated from the VNA by the blocking
relaxations and soft phonon modes contribute to a high capacitor in each bias-tee. The phase of the transmission signal
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S21 was analyzed. After a short-open-load-through (SOLT) significant close to f = 3 MHz due the voltage-dependent
calibration the bias-tees were measured at Vdc = 0 V and resonance of the ferroelectric capacitor. The effect of a change
disconnected. The bias-tees were then terminated with a short in the relative dielectric constant of the ferroelectric capacitor
or a load, after which a Vdc = 60 V voltage-stress was applied DUT with DC voltage is also shown.
on one of the DC voltage ports. Then the bias-tees were
connected again to the RF measurement setup and the S- 20 ''""I1I I
parameters were obtained (without DC voltage). The phase of [ ' l "vdc OV
the transmission S21 before the voltage stress was subtracted vdc =5 V
from the phase after stress and is depicted in Fig. 3. The effect de = 5 V (corrected)
of a DC voltage stress on the bias-tee is evident. The change N * -t -
in phase can be explained by two causes: E+5E

1. a remanent change in capacitance Cs integrated in LL corrected result
the bias-tee causes the smooth phase increase at low L
frequencies. Ferroelectric capacitors are non-linear and ° 0
exhibit hysteresis as mentioned in section IV.

2. a resonance at f = 3 MHz due to an LC resonance or
due to an electro-acoustic resonance of the capacitor of
the bias-tee.

____________ 106 107 108 10 1025 1 Frequency [Hz]

U) 20_ \
( 2 Fig. 4. A wide-band frequency measurement of a series capacitor Cs using
(D \ an R-Cs model using impedance parameters at room temperature on a 30

a 15 _p_ m x 30 pum ferroelectric MIM capacitor with a barium strontium titanate
-r \dielectric with a dielectric thickness of d = 123 nm. The solid line shows the

resonance can be removed using an extra open calibration at Vdc = 5 V.
c 10

a) \ At low frequencies a capacitive DUT has a high impedance
,) 5 ' and hence is close to an open-circuit. An open-circuit mea-

-z ) 8surement with a DC voltage before the device measurement
< 0° can drastically reduce the measurement errors (see Fig. 4). The

Y-parameters from the open-circuit measurement at Vdc = 5 V
-5 6 7 8 9 1 1 were subtracted from the device measurements and the extra

1 0 1 0 1 0 1 0 10 error contribution of the voltage-dependency of the bias-tee
Frequency [Hz] was successfully removed (see Fig. 4). A short-circuit and

a precise 50 Q load calibration are not possible due to the
Fig. 3. The difference in phase over frequency before and after applying 60 excessive DC current that would flow. Voltage-independent
V DC voltage stress. Two commercial bias-tees Picosecond 5530A-104 were
connected in series to two ports of the VNA (see Fig. 2). The AC power of capacitors as calibration standards would help, but a voltage-
the VNA was set at PAC = 0 dBm. independent bias-tee would be better. This solution will be

discussed in the following subsection.
The phase is critical for a measurement of the equivalent se-

ries capacitance Cser of a metal-insulator-metal (MIM) capaci- B Hardware solution. development of a new bias-tee
tor with a 123 nm thick ferroelectric BST layer (see Fig. 4). A To reduce the measurement errors in the low frequency
one-port S-parameter measurement was performed on a 30 ,utm region, new wide-band high-voltage bias-tees with and with-
x 30 ,um large device electrode from the kHz frequency range out limiters were designed, fabricated and tested. The new
up to the low GHz range, using a ground-signal-ground (GSG) hardware solution uses an NP0-type capacitor. The NP0 clas-
probe. A SOLT calibration at Vdc = 0 V on a Picoprobe CS-5 sification means that the capacitor has virtually no voltage and
calibration substrate preceded the actual measurements. The S- temperature dependence. For the development of the new bias-
parameters from the VNA were converted to Z-parameters [2] tee a high voltage 1206 (large) discrete NP0 capacitor with a
and the RSCS series capacitance model of equation 2 was used custom coplanar waveguide design was used with a simple
to extract 0ser, which equals Cs. The capacitance shows a R-C architecture (see Fig. 5).
typical dispersion at Vdc 0 V (see Fig. 4). At Vdc 5 V an The bias-tee schematic with built-in limiters is shown
unexpected resonance occurs at f =3 MHz. The resonances in Fig. 6. The limiters were added to protect the VNA
above f =1 GHz are expected acoustic resonances (BAW's) of from a DC voltage spike when the DUT breaks down
the thin film. The measurement results in Fig. 4 demonstrate during measurement. If no high voltages are required during
that the measurement errors with this particular bias-tee were the measurements the diodes can be omitted to improve
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Fig. .
A opvew o thenewlydeveopedbiastee.Fig. 7. The return loss SI I of the new bias-tee with diodes was comparedFig. . A opvew o thenewlydeveopedbiastee.to the commercial bias-tee at Vdc =0 V with PAC =-10 dBm.

of 500 V is lower, and no high-value surface mount ceramic
AC PIN 1 C*L*33 nF AC&DC chip capacitors with NPO characteristic were obtainable for

PWC P 3 the given physical size. The new bias-tee has a much higher

PIN 2** 7 *resistance which results in a lower minimum level of the
R 40 P 2 0 reflection SI, parameter. The capacitance of the new bias-tee,

combined with the 50 Q port resistance explains the high-pass
R = 470 kQ| behavior at frequencies below f = 100 MHz (see Fig. 7 and

PmBAR63-02V Fig. 8). At higher frequencies the impedance mismatch and
Phycomp CC1812GKNPOBBN332 Po 2 DC parasitic capacitances of the resistors and limiters increase the

return loss S1I. The -3dB bandwidth extends from f = 500
kHz-3 GHz. Note that the bias-tees without diodes have a

Fig. 6. The schematic of the bias-tee with multiple resistors, a large capacitor, wider bandwidth (see Fig. 9).the PIN diodes and the coplanar waveguide matched to 50 Q at which port
1 = AC signal, port 2 = DC-signal, and port 3 = AC & DC signals.

1111111 *1111rlr rlrI ll1111rr1 sI111111111

0

the transmission path at higher frequencies (this will be 0
exemplified later in Fig. 9). A Taconix RF TLX laminate
substrate was used because of its very low loss (tand= 0.0022 . -2-
at f = 10 GHz), low and stable relative dielectric constant v -2 -3 ENLAG

CO( ENLARGED 1Xg I |{
Er = 2.45, low moisture absorption (< 0.02%) and thermal co -4 PLOTf=1-10GHz
and mechanical stability. A patterned copper layer (35 ,utm cL) -3 -5 9 10
thick) covers the upper side of the laminate; the same copper 10 Frequency [Hz] 10
layer forms a continuous ground plane at the backside. -4 -new bias-tee with diodes

---Picosecond 5530A-104
Three-port measurements were performed to characterize II II

the bias-tees. The results of the new bias-tee with diodes 10 107 108 10 1010
were compared with a commercial wide-band high-voltage Frequency [Hz]
Picosecond 5530A-104 bias-tee. The return loss SI,, the
reverse transmission S13, and the isolation loss S12 are shown Fig. 8. The reverse transmission path SI3 of the new bias-tees was compared
in Fig. 7, Fig. 8, and Fig. 10, respectively. In Fig. 9 the to the commercial bias-tee at Vdc = 0 V with PAC = -10 dBm.
magnitude of the transmission Sj3 of the bias-tee with diodes
and the bias-tee without diodes are compared. In Fig. 10 the DC bias port isolation S12 is shown. The
The Picosecond bias-tee has a resistor of R 1 kQ and insertion loss S12 of the Picosecond bias-tee starts constant

a capacitor of C =82 nF, compared to R 1 MQ of the due to its 1 kQ resistance, then followed by a low-pass
new bias-tee with a C =3.3 nF. The lower capacitance of the cut-off. The S12 of the new bias-tee in Fig. 10 shows
new bias-tee has two reasons: The amount of stored energy excellent performance up to the resonance around f 3 GHz.
that could damage the equipment at the higher voltage rating However, the bias-tee can still be used above the resonance
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c< )# 4 -PLOTf=1-10OGHz l (\lXJ--a 1 t .

0~ ~ ~ ~~~1

10 Frequency [Hz] 1° , 3 I dc
l-200 Vdc

-4txnew bias-tee without diodesl --0/400V\
-new bias-tee with diodes dc

C6 PLOT-f107 GH' dcz
Frequency [Hz] .1 108

Frequency [Hz]
Fig. 9. The reverse transmission path S13 of the new bias-tees with and

~~~~~eistewithoudiodes
400 Vd =dc it A -0dm

withoutdiodes at Vdc 0 V with A7 -10 dBm.dFig. 11. The NPO capacitance iS determied usig impedance parameters on
an LTCC substrate with an A1203-based dielectric and is measured at room
temperature. The plot shows that a change in DC voltage hardly influences

when calibrated, but with reduced accuracy. The increase of the approximated capacitance.
the S12 at f = 10 MHz is due to capacitive coupling to AC
ground probably caused by the resistors and diodes.ground pb y u bMHz to 8 GHz is affected by the capacitor connections, but did

not result in resonances nor any bias-dependence (not shown).

0 VI. RECOMMENDATIONS
t -new bias-tee with diodes To improve the bias-tee design further we recommend:

-20- Picosecond 5530A-104- P 55'0-10 - vias from the top to the bottom ground planes of the
laminate (on the upper part of the Fig. 6) could help to

-40; suppress resonances of the ground planes.
-the resistor at theAC port could be placed on the other

'T"--60; 0 I,lA;l , 1 lr side of the signal path to have a more symmetric current
-80 II IIL L L INSIITH?)I40WIMILLM,; flow in the ground planes.

- to protect the overall circuitry from the environment a
package must enclose the laminate substrate and the

Fililill ,11111 IIII IIIIIII 11-11111 discretecom ponents.
1 6 1 18 1 0° 10 VII. CONCLUSION

Frequency [Hz] The AC impedance measurement accuracy for device char-

Fig. 10. The DC bias port isolation S12 of the new bias-tees using a three- acterization with a commercial bias-tee with applied DC bias
port measurement compared to the commercial bias-tee at Vdc = Vv with at f <1O MHz has been improved. An additional open-circuit
PAC = -10 dBm at which port 1 = AC signal, port 2 = DC-signal, and port calibration with applied DC bias can reduce the measurement
3 = AC & DC signal. errors significantly if the impedance of the DUT > 50 Q. Fur-

thermore, a broadband high-voltage bias-tee with and without
A capacitor with an A1203 -based dielectric in a low temper- PIN diode limiters was designed, fabricated, and tested. The

ature co-fired ceramic (LTCC) substrate was measured with the resulting bias-tee showed excellent characterization results up
new bias-tees at high voltages varying from Vdc = 0 to 400 V. to several gigahertz with no voltage-dependence impact due
The measurement setup is formed by a two-port measurement to the bias-tee.
with one bias-tee on each port is connected to one probe
each. The voltage-independent behavior of the bias-tees, with ACKNOWLEDGMENT
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