PHYSICAL REVIEW APPLIED 18, 064003 (2022)

Hydrogenated Amorphous Silicon Carbide: A Low-Loss Deposited Dielectric for
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Low-loss deposited dielectrics will benefit superconducting devices such as integrated superconduct-
ing spectrometers, superconducting qubits, and kinetic inductance parametric amplifiers. Compared with
planar structures, multilayer structures such as microstrips are more compact and eliminate radiation loss
at high frequencies. Multilayer structures are most easily fabricated with deposited dielectrics, which
typically exhibit higher dielectric loss than crystalline dielectrics. We measure the subkelvin and low-
power microwave and millimeter-submillimeter-wave dielectric loss of hydrogenated amorphous silicon
carbide (a-SiC:H), using superconducting chips with Nb-Ti-N/a-SiC:H/Nb-Ti-N microstrip resonators.
We deposit the a-SiC:H by plasma-enhanced chemical vapor deposition at a substrate temperature of
400°C. The a-SiC:H has a millimeter-submillimeter loss tangent ranging from 0.9 x 10~* at 270 GHz
to 1.5 x 10~* at 385 GHz. The microwave loss tangent is 3.1 x 107>, These are the lowest low-power
subkelvin loss tangents that have been reported for microstrip resonators at millimeter-submillimeter and
microwave frequencies. The a-SiC:H films are free of blisters and have low stress: —20 MPa compressive

at 200-nm thickness to 60 MPa tensile at 1000-nm thickness.
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I. INTRODUCTION

Superconducting transmission lines are essential com-
ponents of devices such as integrated superconducting
spectrometers (ISSs) [1-3], kinetic inductance parametric
amplifiers (KIPAs) [4], and superconducting qubits [5].
These superconducting devices operate at subkelvin tem-
peratures where amorphous solids exhibit excess dielectric
loss compared with their crystalline counterparts [6,7].
This is problematic since such loss limits the efficiency
and spectral resolution of ISSs [8], decreases the gain
of KIPAs [9,10], and is a significant source of deco-
herence in superconducting qubits [11]. The problem is
often circumvented by avoiding deposited dielectrics, for
example by employing planar structures. However, a low-
loss deposited dielectric will enable the use of multilayer
structures such as microstrips and parallel plate capac-
itors, thereby achieving benefits such as miniaturization
[10,12,13] and the removal of radiation loss [14].

Microstrip resonators with hydrogenated amorphous sil-
icon (a-Si:H) deposited by plasma-enhanced chemical
vapor deposition (PECVD) exhibit very low subkelvin and
low-power dielectric loss tangents tan § of (4-5) x 107> at
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microwave frequencies [12,15-17] and 2.1 0.1 x 10~*
at 350 GHz [16]. Although this is an improvement over
SiO; [15,18] and SiN, [8,15,19], a further reduction in
tan§ is desirable. For example, a smaller tan§ enables a
proportionally larger resolving power R = f /Af for the
millimeter-submillimeter (mm-submm) filters of an ISS,
without sacrificing filter efficiency [8].

The dielectric loss in superconducting microwave res-
onators is successfully modeled as absorption by two-level
systems (TLSs) [6,7,15,20]. Although the microscopic ori-
gin of the TLSs remains unknown [6,7], a comparison of
Si0,, SiN,, a-Si:H, and crystalline Si (¢-Si) has led to the
hypothesis that a more constrained lattice (i.e., an increase
in coordination number) is correlated with a decrease in
dielectric loss [15]. With electron-beam-evaporated a-Si
it has been observed that a lower microwave loss can be
achieved by depositing at elevated substrate temperatures
(Tsub), and a correlation was found between the microwave
loss and the dangling bond density [21]. Electron-beam-
evaporated and sputtered a-Si films, which are hydrogen-
free, exhibit an order of magnitude larger microwave loss
than a-Si:H [15,21], suggesting that there is a relation
between nonpassivated dangling bonds and dielectric loss.

Hydrogenated amorphous silicon carbide (a-SiC:H) is
a fourfold-coordinated and hydrogenated material, similar
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to a-Si:H. Low-stress a-SiC:H films can be deposited by
PECVD at high Ty [22]. The material properties of a-
SiC:H such as the dielectric constant ¢,, hydrogen content,
residual stress, band gap, and silicon-to-carbon ratio can
to a large degree be tuned by varying the deposition con-
ditions [22,23]. The a-SiC:H films do not exhibit blisters,
which are a common issue with a-Si:H [24,25]. Further-
more, a-SiC:H has high wet etching selectivity with Si
[22], enabling an a-SiC:H film to be used as a membrane,
for example in superconducting photon detectors [26].
These properties suggest that a-SiC:H is a promising alter-
native to a-Si:H and SiN, for superconducting devices.
However, the subkelvin and low-power microwave and
mm-submm-wave dielectric losses of a-SiC:H have not
yet been reported. Here we present measurements of the
subkelvin and low-power dielectric loss of a-SiC:H at
microwave (7 GHz) and mm-submm (270-385 GHz) fre-
quencies.

II. DEVICE FABRICATION

The losses are measured on superconducting chips with
Nb-Ti-N/a-SiC:H/Nb-Ti-N microstrip resonators, with an
identical design for each chip. Figure 1(a) shows a pho-
tograph of one of the chips. The fabrication details for
an equivalent chip with a-Si:H instead of a-SiC:H have
previously been reported [16]. The Nb-Ti-N films are
sputter-deposited using a Nordiko 2000 [27]. The Nb-Ti-N
ground plane under the a-SiC:H is 135-nm thick and the
Nb-Ti-N line on top of the a-SiC:H is 150-nm thick, mea-
sured using step profilometry and tilted scanning electron
microscopy at the position of the Fabry-Perot resonators
[FP1+4 in Fig. 1(a)].

A 295-nm-thick a¢-SiC:H film is deposited by PECVD
using a Novellus Concept One [22,28]. The precursor
gases are silane (SiH4) and methane (CHy4) with flow rates
of 25 and 411 sccm, respectively, and no dilution gas. We
deposit the a-SiC:H with a Ty, of 400 °C, chamber pres-
sure of 2 Torr, 450-kHz rf power of 150 W, and 13.56-MHz
rf power of 450 W. We pattern the a-SiC:H layer using
reactive ion etching with an SF¢ and O, plasma at a rate of
approximately 0.8 nm/s.

III. DIELECTRIC LOSS MEASUREMENTS

A. Method for mm-submm loss measurements

The loss measurement device and experimental setup
are equivalent to what has been reported for earlier work
on a-Si:H [16]. We measure the mm-submm loss at 120
mK by analyzing the transmission through four in-line
Nb-Ti-N/a-SiC:H/Nb-Ti-N microstrip FPs (FP1-4) with
2-pum line width. Each FP is coupled to a Nb-Ti-N coplanar
waveguide (CPW) feed line on one end and to a hybrid Nb-
Ti-N-Al microwave kinetic inductance detector (MKID)
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FIG. 1. (a) Photograph of chip 2. The four Fabry-Perot res-
onators (FP1—4) receive the mm-submm signal from antennas
that receive radiation from a Toptica TeraBeam 1550 photomixer
source. Each FP is coupled to a MKID. The four shunted
microstrip microwave resonators (utWR1—4) are coupled to the
readout line. (b) Micrograph of FP2. The purple area is a-SiC:H.
The feed line is visible on the left of the image and the MKID
is visible on the right. (c) Tilted scanning electron micrograph
of the coupling of FP2 to the MKID, with false coloring. (d)
Schematic of an antenna-FP-MKID circuit. The FPs have a
length of an integer (mode number n) multiple of half the mm-
submm wavelength A, and have transmission peaks at nfy, where
fo is the fundamental resonance frequency. The mm-submm sig-
nal is absorbed in the Al section of the MKID, resulting in
a change of resonance frequency (frequency response) of the
MKID.

[29] on the other end, as shown for FP2 in the micro-
graph in Fig. 1(b). The FPs’ couplers all have an identical
design. Figure 1(c) shows a scanning electron micrograph
of the coupling of FP2 to a MKID. Each feed line is con-
nected to a twin slot antenna with a center frequency of
350 GHz, which is located in the focus of a Si lens glued
to the backside of the chip. The antennas receive mm-
submm radiation from a Toptica Photonics TeraBeam 1550
continuous-wave photomixer source. The MKIDs are cou-
pled to a shared Nb-Ti-N CPW microwave readout line,
which we read out using a frequency-multiplexed readout
system [30].

A schematic of the mm-submm experiment is given in
Fig. 1(d). The different lengths of the FPs result in different
fundamental resonance frequencies f;. The FPs have trans-
mission peaks at integer multiples (mode numbers #) of ;.
The power that is transmitted through a FP breaks Cooper
pairs in the Al section of the MKID, resulting in a change
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in the MKID’s resonance frequency (frequency response)
[31]. The frequency response is corrected for stray light by
dividing by the response of a MKID that is not connected
to a FP [blind MKID in Fig. 1(a)].

Since the MKIDs’ frequency responses are linear in
power [32], they trace the |S,;(f)|?> transmission curves
of the FPs. The transmission of the mm-submm power
through a FP is a sum of Lorentzian peaks [33] and there-
fore we can obtain the FP’s loaded quality factor O from
the transmission peaks as O = fpeak/Af , Where fpcak is the
peak’s center frequency and Af is the peak’s full width at
half maximum.

The frequency response is measured from 250 to 400
GHz by sweeping the photomixer source in steps of 20
MHz. We separate the frequency response data into four
bands centered around 270, 310, 350, and 385 GHz to
determine the loss of the a-SiC:H at these four frequen-
cies. The frequency bands are shown by the vertical dashed
lines in Fig. 4.

In each band and for each FP we obtain the average
n and the average Q, from which we obtain the internal
quality factors Q; by fitting to the following equation [16]:

Q — ch,lQi ’ (1)

ch,l + Qi
where Q. = nQ.; is the FP’s coupling quality factor.
Here Q.1 =mn/ |t.|?, with #. the coupler’s transmission
coefficient. The tan § is obtained from Q; as

tand = 1/(pQy), (2)

where p is the filling fraction [20] of the dielectric, which
we determine to be 0.97 in our microstrip resonators using
the electromagnetic-field solver Sonnet [34].

B. Mm-submm loss results and discussion

We measure the mm-submm loss of the a-SiC:H on two
chips (chips 1 and 2) fabricated on the same wafer. To
illustrate the response, we give in Fig. 2 the response in
the 330-370-GHz band of the four MKIDs behind the four
FPs of chip 1. The measured Q versus n and the fits to
Eq. (1) of chip 1 are shown in Fig. 3. An equivalent plot
for chip 2 is shown in Appendix A. In the fits of Eq. (1) the
standard errors in the average Q are used as fitting weights.
In addition to obtaining the Q; values, from this fit we also
obtain the Q. ; values of chips 1 and 2. The measured O, ;
values are given in Appendix A.

The resulting tan § values of chips 1 and 2 are plotted in
Fig. 4. The mm-submm tan § of the a-SiC:H ranges from
0.9 x 10~ at 270 GHz to 1.5 x 10~* at 385 GHz, aver-
aged over chips 1 and 2. These losses are significantly
lower than what has been reported for other dielectrics
such as a¢-Si:H [16] and SiN, [8,19]. At 350 GHz the a-
SiC:H exhibits a tan § of 1.3 x 10~*, compared with a tan §
of 2.1 x 107* for a-Si:H, which was measured using the
same experimental method [16].

We calculate that the internal mm-submm power Pjy rp
circulating inside the FPs is below 1 pW, corresponding to
an average number of photons per half-wavelength N < 1.
We do not observe a significant correlation between Piy rp
and the loss tangent tan § of the a-SiC:H, suggesting that
TLS saturation [6,20] does not affect the mm-submm loss
measurements. More information on this calculation is
given in the Supplemental Material [35].

C. Method for microwave loss measurements

We measure the microwave loss of the of the a-SiC:H
on two chips (chips 1 and 3) fabricated on the same wafer,
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FIG. 2. The measured frequency response in the 330-370-GHz band for chip 1. The response is measured by the MKIDs that are
coupled to FP1—4. The response is corrected for stray light by dividing by the response of a MKID that is not coupled to a FP [blind
MKID in Fig. 1(a)]. The green dots represent the measured response, and the black curves are Lorentzian fits to the peaks, from which
we obtain the average Q for each FP. The same analysis is performed for each of the four frequency bands. The right-hand plot shows
the same data enlarged for 349—351 GHz.
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FIG. 3. Loaded quality factor Q versus mode number n of
FP1-4 of chip 1. The curves are fits of Eq. (1) to the average O
and average n values. The error bars represent 30 standard errors
(£30 SE) in Q and the 1/SE values are used as fitting weights.

where chip 1 is the same chip as discussed for the mm-
submm loss measurements. On each chip, the microwave
losses are measured using four Nb-Ti-N/a-SiC:H/Nb-
Ti-N half-wavelength microstrip microwave resonators
[WWR1—4 in Fig. 1(a)] with 2-um line width, at a tem-
perature of 60 mK. We use a vector network analyzer
to measure the Sp; parameter of the Nb-Ti-N CPW read-
out line, which is coupled to the four shunted £ WRs. We
measure tan § in a range of microwave internal resonator
powers Piy, corresponding to an average number of pho-
tons per half-wavelength in the resonators N of roughly
1071103, N is equal to N = P,/ (hfz). We fit the |Sy|
dips of the four £ WRs using the model described in Ref.
[36] to obtain the resonators’ Q;, from which we calculate
tan$ [Eq. (2)].

D. Microwave loss results and discussion

From Fig. 5 we observe that the microwave tan § follows
the power dependence predicted by the standard tunneling
model (STM) [6,20]:

hf

tand = tan §y tanh
an an § ta 2T

N\ A2
(1+—> +tandpp, (3)
Ny

where f is the frequency, T is the temperature, Ny is the
critical photon number above which the TLSs saturate, and
B is equal to 1 in the STM, but it has previously been
observed in the range of 0.3-0.7 [7,16,21]. The tan éyp
term represents losses other than TLS loss that domi-
nate at high internal resonator power. The tan§, is the
TLS-induced tan § in the low-power limit and at 0 K.

We obtain the microwave tan§y, and 8 by fitting Eq.
(3) to the measured tan§ versus N. The fits for chip 1
are shown in Fig. 5 and the fits for chip 3 are shown in
Appendix B. The £ WRs of chips 1 and 3 exhibit an aver-
age tandy of (3.1 £0.4) x 107>, This is comparable to

x10~4 x104
2.60 0.40
® 3a-SiC:Hchip 1
220l @ aSiCiHchip2 10.47
X a-SiH, Ref. [15] ¥+ -
S
180} 1057 &
3
0 2
§ 1401 = {074 %
- s
L - i 2
100 103 §
£
0.60} 1172
02850 270 200 310 330 350 370 390 418°

f (GHz)

FIG. 4. The mm-submm tand = 1/ (pQ;) versus frequency for
chips 1 and 2. The error bars represent one standard deviation
(£0). The frequency bands over which Q and » are averaged are
displayed by the vertical dashed lines. The a-Si:H loss value at
350 GHz was reported in earlier work and was measured using
the same experimental method [16].

what has been reported for a-Si:H [12,15,16]. We mea-
sure B values in the range of 0.5-0.8. We confirm that
the low-power loss is dominated by the a-SiC:H and not
by the Nb-Ti-N by measuring a shunted Nb-Ti-N CPW
quarter-wavelength microwave resonator (CPWR) with a
6-um center line width and a 16-um gap width, which
is fabricated directly on top of the ¢-Si substrate (p >
10 k2 cm), i.e., without a-SiC:H. The low-power 1/Q; of
(4.1 £0.1) x 107® of the CPWR is significantly smaller
than that of the £ WRs.

10
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FIG. 5. Measured microwave tand = 1/ (pQ;) versus average
number of photons in the resonators £tWR1—4 of chip 1. The
curves are fits to Eq. (3). The inset illustrates how tan§ is
obtained at each power, by fitting the |S,;| dips using the model
in Ref. [36]. The tan§, values are obtained by fitting the tané
versus N curves to Eq. (3).
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FIG. 6. Overview of the mm-submm tané = 1/ (pQ;) values
of chips 1 and 2, together with the microwave tan§, values of
chips 1 and 3. The tan §, values are obtained from Eq. (3). The
a-Si:H loss value at 350 GHz was reported in earlier work and
was measured using the same experimental method [16].

E. Discussion on the physical origin of the loss

The physical origin of the loss is not yet fully under-
stood. We give an overview of the measured losses in
Fig. 6, together with data from Ref. [16] for a-Si:H.
The microwave loss of the a-SiC:H is well described
by the STM for TLSs. However, the significantly larger
mm-submm loss than microwave loss as well as the fre-
quency dependence of the mm-submm loss are surprising
in the framework of the STM, which assumes a frequency-
independent TLS density of states [6]. We note that a
larger mm-submm than microwave loss was also reported
for SiN, [15,19] and a-Si:H [15,16]. Although a general-
ized TLS model with a frequency-dependent TLS density
of states has been reported [37], from Fig. 6 we observe
that the mm-submm loss follows a power-law dependence
that does not extrapolate to the microwave loss value. This
leads us to the hypothesis that the mm-submm loss has an
origin different from that of the microwave loss. We sug-
gest that the microwave loss of the a-SiC:H is dominated
by TLS loss, whereas the mm-submm loss is dominated
by the absorption tail of phonon modes at far-infrared
wavelengths [16,38,39].

IV. DIELECTRIC CONSTANT, FILM
UNIFORMITY, AND RESIDUAL STRESS

We estimate the subkelvin dielectric constant &, of the
a-SiC:H by comparing the measured resonance frequen-
cies of uWR1—4 and FP1—4 with Sonnet [34] simulations
of the microstrips. We find an ¢, of 7.8 £ 0.7, where the
uncertainty is due to the nonuniformity and uncertainty
in the Nb-Ti-N properties across the wafer [27]. Within
this uncertainty the microwave and mm-submm ¢, are
indistinguishable.
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------ 310 GHz m  Average
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=) >
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3 - E
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FIG. 7. Loaded quality factor Q versus mode number n of

FP1-4 of chip 2. The curves are fits of Eq. (1) to the average O
and average n values. The error bars represent 30 standard errors
(£30 SE) in Q and the 1/SE values are used as fitting weights.

We use ellipsometry to measure a room-temperature
& of 7.5 at 250 THz (1200 nm) at the wafer’s center,
with a nonuniformity in ¢, < 1% within a 3.5-cm radius
around the wafer’s center. Furthermore, from the ellip-
sometry measurement we determine the film thickness to
be 295 nm at the wafer’s center, with a nonuniformity in
thickness < 1%. The excellent uniformity in thickness and
dielectric constant suggests that the deposition process of
the a-SiC:H is highly uniform across the wafer. From the
same ellipsometry measurement, we observe a band gap of
1.8 eV, which we obtain by fitting the Tauc-Lorentz disper-
sion model to the ellipsometry data in the range of 0.8-2.7
eV.

We determine the residual stress of the a-SiC:H films
from the wafer bow before and after deposition on bare
¢-Si substrates, using the Stoney equation. The wafer
bow is measured using a Flexus 2320-S. The a-SiC:H
films exhibit low stress: —20 MPa compressive at 200-nm
thickness to 60 MPa tensile at 1000-nm thickness.

V. CONCLUSION

To conclude, PECVD a-SiC:H exhibits the lowest low-
power subkelvin mm-submm dielectric loss that has been
reported to date for microstrip resonators. The microwave
loss is comparable to the best values that have been
reported for microstrip resonators [12,16]. In addition to
the low loss, the a-SiC:H films are free of blisters, exhibit
low stress, and have excellent uniformity in terms of the
thickness and dielectric constant measured by ellipsome-
try. These properties make a-SiC:H a promising dielectric
for microwave to submm-wave superconducting circuits in
many applications.
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FIG. 8. The FP coupler’s Q. versus frequency for chips 1 and

2, obtained from the fit of the Q versus »n data to Eq. (1). The error
bars represent one standard deviation (40).
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APPENDIX A: ADDITIONAL MM-SUBMM LOSS
DATA

In Fig. 7 we show the mm-submm Q versus » data of
chip 2, which is fabricated on the same wafer as chip 1. In
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FIG. 9. Measured microwave tand = 1/ (pQ;) versus average
number of photons in the resonators uWR1—4 of chip 3. The
curves are fits to Eq. (3). The inset illustrates how tan§ is
obtained at each power, by fitting the |S,;| dips using the model
in Ref. [36]. The tan§, values are obtained by fitting the tané
versus N curves to Eq. (3).

Fig. 8 we plot the Q. values of chips 1 and 2, which we
obtain from the fits to Eq. (1).

APPENDIX B: ADDITIONAL MICROWAVE LOSS
DATA

In Fig. 9 we plot the microwave tan§ versus N data of
chip 3, which is fabricated on the same wafer as chip 1.
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