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(57) ABSTRACT 

Provided are Superconducting circuits and methods of form 
ing Such circuits. A circuit may include a silicon containing 
low loss dielectric (LLD) layer formed by fluorine passiva 
tion of dangling bonds of silicon atoms in the layer. The LLD 
layer may be formed from silicon nitride or silicon oxide. For 
uniform passivation (e.g., uniform distribution of fluorine 
within the LLD layer), fluorine may be introduced while 
forming the LLD layer. For example, a fluorine containing 
precursor may be supplied into a deposition chamber together 
with a silicon containing precursor. Alternatively, the LLD 
layer may be formed as a stack of many thin Sublayers, and 
each sublayer may be subjected to individual fluorine passi 
Vation. For example, low power plasma treatment or anneal 
ing in a fluorine containing environment may be used for this 
purpose. The concentration of fluorine in the LLD layer may 
be between about 0.5% atomic and 5% atomic. 
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FLUORINE CONTAINING LOW LOSS 
DELECTRIC LAYERS FOR 

SUPERCONDUCTING CIRCUITS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 14/138,909, filed on Dec. 23. 
2013, which is herein incorporated by reference for all pur 
poses. 

BACKGROUND 

0002 Silicon containing dielectric materials, such as 
amorphous silicon, silicon oxides, and silicon nitrides, have 
low costs of fabrication, which makes these dielectric mate 
rials attractive for various application, Such as dielectrics for 
Superconducting interconnects and planar microwave 
devices. However, these silicon containing dielectric materi 
als often Suffer from quite Substantial loss tangent at micro 
wave frequencies (e.g., 3-300 GHz) and longer infrared fre 
quencies (300-1000 GHz), which substantially limit 
application of these materials in Superconducting circuits 
operating at high frequency. This loss tangent is generally not 
a concern for conventional circuits, which do not operate at 
high frequencies and do have power losses associate with 
high frequencies. The loss tangent is believed to be caused by 
defects in these silicon containing dielectric materials. The 
defects frequently form during deposition of these materials, 
Such as due to contaminants, incomplete reaction, weak 
atomic bonds, and the like. Superconducting circuits as well 
as high-frequency classical devices (e.g., by reducing signal 
attenuation, dispersion, andjitter) and quantum devices (e.g., 
by increasing coherence times for quantum state signals) 
would greatly benefit from reduction of loss tangent in silicon 
containing materials. However, most of conventional tech 
niques, such as post-deposition treatment of layers containing 
these silicon containing materials have not yielded acceptable 
results. 

SUMMARY 

0003 Provided are superconducting circuits and methods 
of forming such circuits. A circuit may include a silicon 
containing low loss dielectric (LLD) layer that includes fluo 
rine. More specifically, fluorine may be used to passivate 
dangling bonds of silicon atoms in the LLD layer and, as a 
result, substantially reduce loss tangent of this layer. The LLD 
layer may be formed from silicon nitride or silicon oxide. In 
order to ensure uniform distribution of fluorine with the LLD 
layer and uniform passivation of silicon atoms within the 
layer, fluorine may be introduced while forming the LLD 
layer. For example, a fluorine containing precursor may be 
Supplied into a deposition chamber together with a silicon 
containing precursor or, more specifically, while depositing a 
silicon containing material of the layer. When the silicon 
containing precursor is silane or another hydrogen containing 
compound, fluorine may displace any hydrogen residue in the 
formed layer while forming stronger bonds with silicon 
atoms than hydrogen would have. Alternatively, the LLD 
layer may be formed as a stack of many thin Sublayers, and 
each sublayer may be subjected to individual fluorine passi 
Vation. For example, low power plasma treatment or thermal 
annealing in a fluorine containing environment may be used 
for passivating each individual Sublayer. 
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0004. In some embodiments, a method of forming a super 
conducting circuit involves providing a metal layer. The metal 
layer may be a part of Josephson junction, for example. The 
metal may be niobium, aluminum, tantalum or any other 
Suitable metal, for example, a metal exhibiting Superconduc 
tivity at set operating conductions. The method may proceed 
with forming a LLD layer over the metal layer using chemical 
vapor deposition (CVD). Forming the LLD layer is per 
formed at a temperature of less than 525°C. The LLD layer 
has a thickness of between about 3,000 Angstroms and 
10,000 Angstroms. The LLD layer includes one of silicon 
nitride or silicon oxide or, more specifically, silicon oxide. 
The LLD layer may also include fluorine evenly distributed 
throughout the LLD layer. The concentration of fluorine in 
the LLD layer is between about 0.5% atomic and 5% atomic 
or, more specifically, between about 0.5% atomic and 5% 
atomic or even between about 0.5% atomic and 5% atomic. In 
Some embodiments, the method also involves thermal anneal 
ing the LLD layer. 
0005. In some embodiments, forming the LLD layer 
involves flowing a silicon containing precursor into a depo 
sition chamber and flowing a fluorine containing precursor 
into deposition chamber at same time with the silicon con 
taining precursor. The silicon containing precursor may 
include one of disilane or trisilane. The fluorine containing 
precursor may include one of nitrogen trifluoride, hydrogen 
fluoride, Xenon difluoride, or silicon tetrafluoride. 
0006 Both types of precursors (i.e., the silicon containing 
precursor and the fluorine containing precursor) may be 
flowed at all times during deposition of the LLD layer. In 
Some embodiments, the silicon containing precursor may be 
flowed at a constant flow rate while forming the LLD layer. 
The fluorine containing precursor may also be flowed at a 
constant flow rate while forming the LLD layer. Alternatively, 
the silicon containing precursor may be flowed at a constant 
flow rate while forming the LLD layer, while the fluorine 
containing precursor may be flowed in a series of pulses. 
Furthermore, the flow of the silicon containing precursor may 
be suspended while forming the fluorine containing precursor 
into the deposition chamber. 
0007. The CVD used to form the LLD layer may be 
plasma enhanced chemical vapor deposition (PECVD), in 
which plasma is used to activated the precursors and improve 
reaction kinetics. Alternatively, the CVD used to form the 
LLD layer may be a thermal chemical vapor deposition, in 
which the temperature of the substrate is used to control the 
kinetics of the deposition reaction. 
0008. In some embodiments, forming the LLD layer 
involves: (a) depositing a silicon containing Sublayer of the 
LLD layer, (b) performing fluorine passivation of the silicon 
containing Sublayer, and (c) repeating (a) and (b) until reach 
ing a target thickness of the LLD layer. Each of the silicon 
containing Sublayer has a thickness of less than 500 Ang 
stroms or even less than 100 Angstroms. The fluorine passi 
Vation may involve one of plasma treatment (e.g., with plasma 
containing fluorine radicals) or thermal annealing (e.g., in a 
fluorine containing environment). In some embodiments, the 
number of silicon dangling bonds decrease in the silicon 
containing layer while performing the fluorine passivation. 
0009 Provided also is a superconducting circuit including 
a metal layer. The metal layer may be a part of Josephson 
junction, for example. The Superconducting circuit may also 
include an LLD layer disposed over the metal layer. The LLD 
layer may include one of silicon nitride or silicon oxide. In 
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some embodiments, the LLD layer includes silicon oxide. 
The LLD layer may also include fluorine evenly distributed 
throughout the LLD layer. The concentration of fluorine in 
the LLD layer may be between about 0.5% atomic and 5% 
atomic or, more specifically, between about 0.5% atomic and 
5% atomic or even between about 0.5% atomic and 5% 
atomic. The LLD layer may have a thickness of between 
about 3,000 Angstroms and 10,000 Angstroms. 
0010. These and other embodiments are described further 
below with reference to the figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011 FIGS. 1A-1D are various schematic representations 
of Superconducting circuits, in accordance with some 
embodiments. 
0012 FIG. 2A-2B are two process flowchart examples 
corresponding to a method of forming a Superconducting 
circuit shown in FIGS. 1 B-1D, in accordance with some 
embodiments. 

DETAILED DESCRIPTION 

0013. In the following description, numerous specific 
details are set forth in order to provide a thorough understand 
ing of the presented concepts. The presented concepts may be 
practiced without some or all of these specific details. In other 
instances, well known process operations have not been 
described in detail so as to not unnecessarily obscure the 
described concepts. While some concepts will be described in 
conjunction with the specific embodiments, it will be under 
stood that these embodiments are not intended to be limiting. 

Introduction 

0014. As described above, many silicon containing dielec 
tric materials, such as silicon oxide and silicon nitride, Suffer 
from high loss tangent. Without being restricted to any par 
ticular theory, it is believed that the loss tangent is caused by 
various defects (such as dangling bonds, weak bonds, con 
taminants) formed during deposition of these layers. For 
example, when a silicon containing dielectric material is 
formed using silane, a small portion of hydrogen atoms may 
stay in the dielectric layer due to, for example, incomplete 
decomposition of silane. Some of these remaining hydrogen 
atoms may retain strong atomic bonds with silicon Such that 
each of these hydrogenatoms is bonded only with one silicon 
atoms. Other remaining hydrogen atoms may have weak 
bonds, such that each of these hydrogenatoms may be weakly 
bonded to two or more silicon atoms. While the strong bonds 
do not create any major loss tangent concerns unless con 
verted into weak bonds, the weak bonds may result in an 
unstable two-level system when the silicon containing mate 
rial is Subjected to high frequencies. Specifically, a hydrogen 
atom having multiple weak bonds bond may randomly 
change its state and form, for example, other weak bonds with 
other silicon atoms. In other words, weak bonds can be easily 
changed when the silicon containing material is subjected to 
the operating conditions with unpredictable outcomes. Fur 
thermore, the process of changing weak bonds may continue 
indefinitely and change with changes in processing condi 
tions. Overall, deposition defects in silicon containing dielec 
tric materials create very unstable performance characteris 
tics in LLD layers used for Superconducting circuits. 
0015. It has been found that fluorine passivation may neu 

tralize defects and, more specifically, defects contribution to 
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loss tangent due. Without being restricted to any particular 
theory, it is believed that when fluorine is added to various 
silicon containing dielectric materials, fluorine binds to dan 
gling bonds of silicon atoms and, in Some instances, displaces 
hydrogen. Fluorine has stronger bonds with silicon than 
hydrogen and does not create two level systems even if there 
is another dangling silicon bond nearby. Experimental results 
have shown that the defect density in silicon oxide layers 
doped with fluorine have decreased by more than 10-fold in 
comparison to similar layers that have not been doped. The 
only comparable results were achieved by annealing 
un-doped layers at temperatures of 800° C. or higher. How 
ever, such high temperatures may be damaging to Surround 
ing circuits. Furthermore, annealing at lower temperatures 
(e.g., at 550° C.) produced only marginal improvements in 
defect density. As such, doping silicon oxide with fluorine 
appear to yield unexpected results highly desirable for Super 
conducting applications. 
0016 Some conventional approaches focused on mini 
mizing bulk defects during deposition by, for example, 
changing processing conditions or by healing defects at Sur 
faces. For example, using higher deposition temperatures 
and/or slower deposition rates (e.g., due to the lower concen 
tration of silicon containing precursor) may result in less 
dangling bonds in the deposition materials. However, high 
deposition temperatures may result in silicide formation at 
the interface of the dielectric material and metal electrodes, 
which is not desirable. The slower deposition rates increase 
the overall processing times and may not be suitable for bulky 
structures, such as LLD layers. In general, fluorine containing 
low loss dielectric layers for Superconducting circuits and, in 
particular, for low temperature Superconducting circuits have 
not been explored. 
0017 Superconducting circuits described herein include 
silicon containing LLD layers (e.g., silicon nitride or silicon 
oxide) containing fluorine, which passivates dangling bonds 
of silicon atoms in the layers. In order to achieve uniform 
passivation (e.g., uniform distribution of fluorine within the 
LLD layer), fluorine may be introduced while forming the 
LLD layer. Specifically, a fluorine containing precursor may 
be used together (e.g., flowed simultaneously or intermit 
tently pulsed into a deposition chamber) with a silicon con 
taining precursor during CVD. ALD, or any other suitable 
deposition technique. Furthermore, some fluorine distribu 
tion with the formed LLD layer may be performed by post 
deposition annealing. Annealing may also help with binding 
fluorine to silicon and replace dangling bonds. In some 
embodiments, the LLD layer may be formed as a stack of 
many thin Sublayers, and each Sublayer may be subjected to 
individual fluorine passivation. The thickness of these sub 
layers may be sufficiently Small to ensure fluorine penetration 
through the entire thickness of the sublayer. 
0018. The amount of fluorine added into a silicon based 
dielectric material may depend on the type and composition 
of this material as well as on processing conditions used to 
form the material. The concentration of fluorine in the LLD 
layer may be between about 0.5% atomic and 5% atomic or, 
more specifically, between about 0.5% atomic and 5% atomic 
or even between about 0.5% atomic and 5% atomic. Fluorine 
passivated dielectric layers may be used in microwave 
waveguides or wiring for high frequency signals in Supercon 
ducting circuits. The reduction in loss tangent allows higher 
frequency operation (e.g., faster clock speed) and improves 
timing margin in clocked circuits. Furthermore, this reduc 
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tion in loss tangent lengthens the time a quantum state main 
tains its quantum coherence in quantum computing applica 
tion. 

Examples of Superconducting Circuits 
0019 FIGS. 1A and 1B conceptually illustrate metal lay 
ers and LLD layers in Superconducting circuits. Specifically, 
FIG. 1A illustrates multiple metal layers, which may be also 
referred to as interconnects, without showing an LLD layer. 
This figure is presented simply to better visualize the three 
dimensional network of metal layer 102A built up on sub 
strate 101A. Substrate 101A may have other LLD layers and 
conductive structures below those shown. Metal layer 102A 
may be formed by forming a blanket conductive layer fol 
lowed by etching to form a separate conductive path. In 
Superconducting microwave devices, metal layer 102A may 
be formed from any suitable Superconducting material. Such 
as aluminum (Al), niobium (Nb), niobium alloys, niobium 
nitride, ceramic Superconductors, or organic Superconduc 
tOrS. 

0020 FIG. 1B is a schematic cutaway view of several 
interconnect and device layers. Here, LLD layer 103 is shown 
disposed between different structures. Heavy dottedlines 113 
delineate the separately formed layers. The illustrated struc 
tures include Some metal layer 102B, and also some compo 
nents 104 (e.g., transistors, capacitors, Switches, resistors, 
resonators; in a Superconducting device, the components may 
include Josephson junctions). In some embodiments, elec 
trodes 102B are parts of Josephson junctions. 
0021 FIGS. 1C and 1D illustrates schematic representa 
tions of two examples of superconducting circuit 100. Super 
conducting circuit 100 includes metal layer 102. Metal layer 
102 may be a part of Josephsonjunction, for example. Super 
conducting circuit 100 may also include LLD layer 103 dis 
posed over metal layer 102. In some embodiments, LLD layer 
103 may directly interface metal layer 102 as, for example, 
shown in FIG. 1C. Alternatively, LLD layer 103 may be 
separated from metal layer 102 by barrier layer 107 as, for 
example, shown in FIG. 1D. Barrier layer 107 may help to 
protect metal layer 102 from reacting with silicon of LLD 
layer 103 and forming silicides at the interface of LLD layer 
103 and metal layer 102. Barrier layer 107 may be, for 
example, a nitride layer (e.g., a metal nitride of a metal form 
ing metal layer 102). 
0022 LLD layer 103 may include one of silicon nitride or 
silicon oxide. In some embodiments, LLD layer 103 includes 
silicon oxide. LLD layer 103 may also include fluorine evenly 
distributed throughout LLD layer 103. For purposes of this 
disclosure, the term “evenly distributed' is defined as a vari 
ability of the fluorine concentration being less than 20% 
throughout the entire volume of LLD layer 103. The concen 
tration of fluorine in LLD layer 103 may be between about 
0.5% atomic and 5% atomic or, more specifically, between 
about 0.5% atomic and 5% atomic or even between about 
0.5% atomic and 5% atomic. In general, enough fluorine is 
needed to passivate dangling Substantial amount of bonds 
defects in LLD layer 103. However, excessive amounts will 
introduce different types of defects and contribute to more 
loss. 
0023 LLD layer 103 may have a thickness of between 
about 3,000 Angstroms and 10,000 Angstroms. It should be 
noted that surface treatment of LLD layer 103 (as a complete 
layer) when LLD layer 103 has this thickness would not 
provide sufficiently uniform distribution of fluorine within 
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the layer. At the same time, uniform distribution of fluorine 
within LLD layer 103 is essential for lowering loss tangent. 
AS Such, many fluorine treatment approaches of dielectric 
layers would not be applicable for LLD layer 103 used for 
Superconducting applications. Furthermore, some conven 
tional fluorination treatment methods, such as plasma-based 
methods, may be damaging to the Surface and create new 
defects. 

Examples of Forming Superconducting Circuits 

0024 FIGS. 2A and 2B are process flowcharts corre 
sponding to different examples of method 200 of forming a 
Superconducting circuit, in accordance with some embodi 
ments. Various examples of Superconducting circuit are 
described above with reference to FIGS. 1C-1D. Method 200 
may commence with providing a metal layer during operation 
202. The metal layer may be a part of Josephsonjunction, for 
example. The metal layer may include niobium, for example. 
In some embodiments, the metal layer may have a barrier 
layer disposed on the top of the barrier layer and protect the 
barrier layer during formation of an LLD layer. The barrier 
layer may be formed, for example, by converting a portion of 
the metal layer into a nitride. 
(0025 Method 200 may proceed with forming a LLD layer 
during operation 212. The LLD layer is formed over the metal 
layer. In some embodiments, the LLD layer is formed directly 
on the LLD layer, e.g., as shown in FIG. 1C. Alternatively, a 
barrier layer may be formed on the metal layer prior to form 
ing the LLD layer, e.g., as shown in FIG. 1D. For example, a 
metal layer may be exposed to a nitrogen containing environ 
ment to converta portion of the metal layer into a metal nitride 
barrier layer. 
0026. In some embodiments, the LLD layer is formed 
using CVD. CVD is relatively fast and inexpensive method of 
forming silicon containing dielectric layers. However, as was 
described above, conventional CVD produces a silicon con 
taining dielectric with many defects that are not suitable for 
Superconducting applications because of a Substantial level of 
loss tangent. Contrary to the conventional CVD, operation 
212 produces an LLD layer containing fluorine. Fluorine 
passivates defects cites within the LLD layer thereby decreas 
ing the loss tangent. Fluorine may be evenly distributed 
within the LLD layer. Besides fluorine, the LLD layer also 
includes one of silicon nitride or silicon oxide. Various 
examples of LLD layers are described above with reference to 
FIGS. 1C and 1D. 

0027. In some embodiments, operation 212 (forming the 
LLD layer) involves flowing a silicon containing precursor 
into a deposition chamber during optional operation 214. The 
silicon containing precursor may include one of disilane or 
trisilane or more generally any linear hydro-silicon having a 
general formula of SiH where Ne2 Without being 
restricted to any particular theory, it is believed that using 
disilane or trisilane (or higher order silanes), which already 
have silicon-silicon bonds form at the precursor level, yields 
a dielectric material with less defects than, for example, when 
mono-silane is used. Specifically, disilane or trisilane (or 
higher order silanes) already have strong silicon-silicon 
bonds, which are believed to be preserved when depositing 
the dielectric materials. Furthermore, using disilane or trisi 
lane (or higher order silanes) allows lowering the deposition 
temperature in comparison, for example, to forming a LLD 
layer from mono-silane. 
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0028. Furthermore, operation 212 (forming the LLD 
layer) may involve flowing a fluorine containing precursor 
into the deposition chamber during optional operation 216. 
The fluorine containing precursor may include one of nitro 
gentrifluoride, hydrogen fluoride, Xenon difluoride, or silicon 
tetrafluoride. In some embodiments, nitrogen trifluoride may 
be used since Xenon difluoride etches silicon at high rates. 
0029. In some embodiments, the fluorine containing pre 
cursor may be flowed continuously and together with the 
silicon containing precursor. More specifically, the silicon 
containing precursor may be flowed at a constant flow rate 
while forming the LLD layer, and the fluorine containing 
precursor may also be flowed at a constant flow rate while 
forming the LLD layer. 
0030 Alternatively, the silicon containing precursor may 
be flowed at a constant flow rate while forming the LLD layer, 
while the fluorine containing precursor may be flowed in a 
series of pulses while forming the LLD layer. 
0031. Furthermore, the silicon containing precursor and 
the fluorine containing precursor may be flowed in separate 
pulses. In other words, the silicon containing precursor may 
be flowed in one or more pulses (silicon pulses) during which 
the fluorine containing precursor is not flowed into the depo 
sition chamber. The fluorine containing precursor may be 
flowed into the chamber during its own one or more pulses 
(fluorine pulses) during which the silicon containing precur 
sor is not flowed into the deposition chamber. The fluorine 
pulses may alternate with the silicon pulses. 
0032. In some embodiments, CVD used during operation 
212 may be PECVD. PECVD may have a faster deposition 
rate in comparison to similar CVD without plasma and may 
be performed at a lower processing temperature. Further 
more, PECVD may result in lower concentration of defects 
and may needless fluorine to achieve the same level of defects 
in the resulting LLD layer. Without being restricted to any 
particular theory, it is believed that plasma may help with 
breaking silicon-hydrogen bonds in a precursor. As a result, 
the deposited dielectric may have fewer silicon dangling 
bonds and, possibly, residual hydrogen. 
0033. As shown in FIG. 2B, operation 212 (forming the 
LLD layer) may involve first depositing a silicon containing 
sublayer of the LLD layer during optional operation 234 
followed by fluorine passivation of that silicon containing 
sublayer during optional operation 236. These operations 234 
and 236 may be repeated one or more times, as illustrated by 
decision block 238 in FIG. 2B. For example, operations 234 
and 236 may be repeated until reaching a target thickness of 
the LLD layer. Each of the silicon containing sublayer formed 
during operation 234 may have a thickness of less than 500 
Angstroms or even less than 100 Angstroms. At the same 
time, the thickness may be at least about 5 Angstroms or even 
at least about 10 Angstroms to ensure Sufficient processing 
throughput and allowing forming the entire LLD layer is a 
practical number of cycles, each cycle including operation 
234 and 236. In some embodiments, the LLD layer has a 
thickness of between about 3,000 Angstroms and 10,000 
Angstroms. 
0034. Operation 234 may be similar to LLD layer deposi 
tion described above but performed without adding fluorine 
into silicon containing Sublayers. Fluorine is later introduced 
into these Sublayers during fluorine passivation. 
0035. The fluorine passivation during operation 236 may 
involve one of plasma treatment or thermal annealing. In 
Some embodiments, the number of silicon dangling bonds 
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decrease in the silicon containing layer while performing the 
fluorine treatment. Some defects created during the fluorine 
passivation of a Sublayer may be cured with when a Subse 
quent Sublayer is formed. In some embodiments, a Sublayer is 
thermally treated with nitrogen tri-fluoride. 
0036. In some embodiments, operation 212 (forming the 
LLD layer) is performed at a temperature of less than 525°C. 
or even at a temperature of less than 510°C. and even less than 
500° C. Low deposition temperature may help with prevent 
ing silicide formation at the interface of the LLD layer and 
metal layer when, for example, a barrier layer is not used 
between the LLD layer and metal layer. 
0037 Method 200 may involve annealing of the LLD 
layer during optional operation 220. In some embodiments, 
annealing performed during this operation may be thermal 
annealing. For example, the LLD layer may be subjected to a 
temperature of between about 300° C. and 600° C. for 
between about 5 minutes and 60 minutes. Without being 
restricted to any particular theory, it is believed that annealing 
may help with more uniform distribution of fluorine within 
the LLD layer, in particular, when fluorine is introduced into 
previously formed silicon layers (as described above with 
reference to FIG. 2B). Furthermore, annealing may provide 
sufficient activation energy for fluorine to react with silicon 
and replace dangling bonds, for example. 

CONCLUSION 

0038 Although the foregoing concepts have been 
described in some detail for purposes of clarity of understand 
ing, it will be apparent that certain changes and modifications 
may be practiced within the scope of the appended claims. It 
should be noted that there are many alternative ways of imple 
menting the processes, systems, and apparatuses. Accord 
ingly, the present embodiments are to be considered as illus 
trative and not restrictive. 
What is claimed is: 
1. A method of forming a Superconducting circuit, the 

method comprising: 
providing a metal layer, 

wherein the metal layer is a part of Josephsonjunction; 
and 

forming a low loss dielectric (LLD) layer over the metal 
layer using chemical vapor deposition (CVD), 
wherein the low loss dielectric layer comprises one of 

silicon nitride or silicon oxide, and 
wherein the low loss dielectric layer further comprises 

fluorine evenly distributed throughout the low loss 
dielectric layer. 

2. The method of claim 1, wherein the low loss dielectric 
layer comprises silicon oxide. 

3. The method of claim 1, wherein a concentration of 
fluorine in the low loss dielectric layer is between about 0.5% 
atomic and 5% atomic. 

4. The method of claim 1, wherein forming the low loss 
dielectric layer comprises flowing a silicon containing pre 
cursor into a deposition chamber and flowing a fluorine con 
taining precursor into deposition chamber at same time with 
the silicon containing precursor. 

5. The method of claim 4, wherein the silicon containing 
precursor comprises one of disilane or trisilane. 

6. The method of claim 4, wherein the fluorine containing 
precursor comprises one of nitrogen trifluoride, hydrogen 
fluoride, Xenon difluoride, or silicon tetrafluoride. 



US 2016/O 1338 19 A1 

7. The method of claim 4, wherein the chemical vapor 
deposition is a plasma enhanced chemical vapor deposition 
(PECVD). 

8. The method of claim 4, wherein the silicon containing 
precursor is flowed at a constant flow rate while forming the 
low loss dielectric layer, and wherein the fluorine containing 
precursor is flowed at a constant flow rate while forming the 
low loss dielectric layer. 

9. The method of claim 4, wherein the silicon containing 
precursor is flowed at a constant flow rate while forming the 
low loss dielectric layer, and wherein the fluorine containing 
precursor is flowed in a series of pulses while forming the low 
loss dielectric layer. 

10. The method of claim 1, whereinforming the low loss 
dielectric layer comprising: 

(a) depositing a silicon containing Sublayer of the low loss 
dielectric layer; 

(b) performing fluorine passivation of the silicon contain 
ing Sublayer; and 

(c) repeating (a) and (b) until reaching a target thickness of 
the low loss dielectric layer. 

11. The method of claim 10, wherein each of the silicon 
containing Sublayer has a thickness of less than 100 Ang 
StromS. 

12. The method of claim 10, wherein the fluorine passiva 
tion comprises one of plasma treatment orthermal annealing. 

13. The method of claim 10, wherein a number of silicon 
dangling bonds decrease in the silicon containing layer while 
performing the fluorine passivation. 
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14. The method of claim 1, further comprising thermal 
annealing the low loss dielectric layer. 

15. The method of claim 1, whereinforming the low loss 
dielectric layer is performed at a temperature of less than 525° 
C. 

16. The method of claim 1, wherein the low loss dielectric 
layer has a thickness of between about 3,000 Angstroms and 
10,000 Angstroms. 

17. A Superconducting circuit comprising: 
a metal layer, 

wherein the metal layer is a part of Josephsonjunction; 
and 

a low loss dielectric layer disposed over the metal layer, 
wherein the low loss dielectric layer comprises one of 

silicon nitride or silicon oxide, and 
wherein the low loss dielectric layer further comprises 

fluorine evenly distributed throughout the low loss 
dielectric layer. 

18. The superconducting circuit of claim 17, wherein a 
concentration of fluorine in the low loss dielectric layer is 
between about 0.5% atomic and 5% atomic. 

19. The superconducting circuit of claim 17, wherein the 
low loss dielectric layer comprises silicon oxide. 

20. The superconducting circuit of claim 17, wherein the 
low loss dielectric layer has a thickness of between about 
3,000 Angstroms and 10,000 Angstroms. 
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