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Functionality of superconducting thin-ﬁlm devices such as superconducting nanowire single photon
detectors stems from the geometric effects that take place at the nanoscale. The engineering of these
technologies requires high-resolution patterning, often achieved with electron beam lithography.
Common lithography processes using hydrogen silsesquioxane (HSQ) as the electron beam resist
rely on tetramethylammonium hydroxide (TMAH) as both a developer and a resist adhesion
promoter. Despite the strong role played by TMAH in the fabrication of superconducting devices,
its potential inﬂuence on the superconducting ﬁlms themselves has not yet been reported. In this
work, the authors demonstrate that a 25% TMAH developer damages niobium nitride (NbN) thin
ﬁlms by modifying the surface chemistry and creating an etch contaminant that slows reactive ion
etching in CF4. They also show how the identity of the contaminant may be revealed through characterization including measurement of the superconducting ﬁlm properties and Fourier transform
infrared spectroscopy. Although workarounds may be available, the results reveal that processes
using 25% TMAH as an adhesion promoter are not preferred for NbN ﬁlms and that changes to the
typical HSQ fabrication procedure will need to be made in order to prevent damage of NbN
nanoscale devices. Published by the AVS. https://doi.org/10.1116/1.5047427

I. INTRODUCTION
The ability to pattern superconducting ﬁlms at the
nanoscale via electron beam lithography (EBL) has enabled
numerous technologies that take advantage of unique phenomena occurring at these critical dimensions. For instance,
superconducting nanowire single photon detectors (SNSPDs)
rely on the formation of a resistive hotspot across a nanowire
width of ∼100 nm to signal a detection event.1 More recently,
the patterning of dimensions <10 nm has facilitated the
development of a device that harnesses the current-crowding
effect2 in superconductors to nondestructively read out a
memory state.3 These lithographic advancements have thus
pushed the applications of thin-ﬁlm superconducting devices
into the ﬁelds of detection, digital circuitry, and sensing.
Precise control of superconducting materials at nanoscale
dimensions demands both a high-resolution EBL process
and a superior electron beam resist. Hydrogen silsesquioxane
(HSQ) is a negative tone electron beam resist often selected
for these purposes due to its ∼5 nm resolution and minimal
line edge roughness.4,5 After patterning the HSQ, development is commonly done using solutions of the strong base
tetramethylammonium hydroxide (TMAH); for instance, past
processes have developed HSQ by submerging it in 25%
TMAH for durations ranging from 1 to 4 min.6–9 TMAH has
also been used to pretreat ﬁlms before spinning resist in order
to activate the ﬁlm surface and promote HSQ adhesion.10,11
Despite the prevalence of TMAH in the fabrication process
for superconducting devices, its potential negative effects on
the superconducting ﬁlm itself have not been fully investigated. As a result, it is unknown whether TMAH damages
ﬁlms in a way that somehow limits superconducting device
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performance. Prior literature showed that pretreating niobium
nitride (NbN) ﬁlms with 25% TMAH for 4 min increased the
sheet resistance Rs and decreased the critical temperature Tc,
suggesting degradation and potential thinning of the superconducting material.10 However, no further studies have been
made to verify or explain this observation. We were recently
motivated to understand this phenomenon when we noticed
that a thick NbN ﬁlm (thickness d ∼20 nm) patterned with
HSQ took nearly twice as long to etch in CF4 as an unpatterned control ﬁlm, causing the HSQ mask to be almost
entirely removed before the etch was complete (see Fig. 1). As
this left the underlying NbN vulnerable to damage by reactive
ion etching (RIE), it became clear that improved knowledge of
the lithography process was needed to guarantee successful
pattern transfer and device ﬁdelity, especially for thick ﬁlms.
In this work, we investigate the HSQ development
process with NbN ﬁlms and demonstrate that the observed
discrepancy in etch time is caused by TMAH reacting with
NbN, modifying the ﬁlm’s surface chemistry and reducing
the thickness of the pure superconductor. As shown in
Fig. 2, TMAH has an observable impact on the ﬁlm’s
appearance, increasing the surface roughness and creating
clusters of material that form a barrier to reactive ion etching
in CF4. The steps taken to uncover this new understanding
are presented here as two primary experiments. In
Experiment 1, we explore how exposure to TMAH hinders
the reactive ion etching of NbN ﬁlms and demonstrate how
the effect may be ameliorated. In Experiment 2, we perform
material analysis on both the superconducting ﬁlm and the
clusters forming at the surface to identify the etch contaminant species. Through these means, we show how the reaction that forms the surface contaminant deteriorates the
critical parameters of the pure superconductor by consuming
the ﬁlm.
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FIG. 1. Removal of HSQ mask due to prolonged reactive ion etching.
(a) Scanning electron micrograph of a three-terminal superconducting device
patterned with HSQ prior to RIE. (b) Scanning electron micrograph of the
same device after the etching was complete (8 min). The rough surface
suggests that the HSQ mask has been mostly removed, exposing the NbN
ﬁlm of the device and leaving it vulnerable to damage.

II. EXPERIMENT 1: IMPACT ON ETCH RATE
A. Methods

To investigate the impact of TMAH on the reactive ion
etching of NbN, we exposed NbN samples diced from the
same wafer to the 25% TMAH developer for various durations and measured their sheet resistances after etching as an
indicator of remaining ﬁlm thickness. An NbN ﬁlm was ﬁrst
bias sputtered at room temperature on a 4 in. Si wafer in an
AJA sputtering system following the procedure described in
Ref. 12. The ﬁlm had a sheet resistance of approximately
90 Ω/square, a critical temperature of 8.1 K, and a thickness
of ∼20 nm. After dicing the wafer into 1 cm square samples,
the samples were cleaned in acetone, methanol, and isopropyl alcohol (IPA). Once cleaned, we submerged each sample
in 25% TMAH for durations ranging from 0 to 90 s. To stop

FIG. 2. Modiﬁcation of the NbN surface by TMAH. Scanning electron
micrographs reveal the difference in surface features between an NbN ﬁlm
that has been submerged in 25% TMAH for 4 h (a) and one that has been
untreated (b). The ridge in both images represents the edge of a pattern
made via photolithography to serve as a reference point for imaging. The
treated sample was immersion rinsed in deionized water for 30 s following
exposure to TMAH.
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exposure to TMAH, the samples were rinsed in deionized
(DI) water for either the traditional 30 s used in our standard
process or for 3 min under a constantly running DI stream.
Samples were then brieﬂy rinsed in IPA, another step used in
our conventional HSQ process to reduce surface tension.
No HSQ was applied at any step of the process.
Following exposure to TMAH, the samples were reactively ion etched in a Plasmatherm RIE in CF4 for 2.5 min at
an RF power of 50 W and a chamber pressure of 10 mTorr.
The sheet resistances of the samples were then measured
using a four-point probe. The resistances of the samples were
measured again after an additional minute of etching, corresponding to a total etch time of 3.5 min. To get a better
sense of how the measured sheet resistances reﬂected the
etching process, the resistances were converted into inferred
ﬁlm thicknesses using the conversion d ¼ ρ=Rs , where d is
the remaining ﬁlm thickness, Rs is the sheet resistance, and
ρ is the resistivity. An estimate of ρ was obtained by using
x-ray reﬂectometry to measure the thickness of a sister
ﬁlm with the same sheet resistance as the samples under
investigation and calculating the resistivity using the
expression above. From this approach, we obtained a value
of ρ = 2.5 kΩ nm, which is consistent with the results for
an ∼5 nm ﬁlm reported in prior work.12 Given the agreement
between values, we assumed a constant resistivity across all
of the samples for the sake of simplicity, allowing us to
compare inferred ﬁlm thicknesses between samples.
B. Results and discussion

Figure 3 shows the inferred remaining NbN ﬁlm thickness
as a function of exposure time to the TMAH after each of
the etch trials. In comparison to the undeveloped control
sample, those that had been exposed to TMAH for 30–90 s
and rinsed with the standard 30 s DI water procedure had
noticeably greater ﬁlm thicknesses after the 2.5 min etch; this
difference in ﬁlm thickness indicates that the processed ﬁlms
were less etched than the control ﬁlm, as we had initially
observed in the patterned chip that ﬁrst motivated this study.
The difference in thickness between the control and exposed
samples slightly increased after an additional minute of
etching, implying that a type of barrier to etching was
present on the treated ﬁlms.
Interestingly, subjecting the treated samples to a 3 min DI
water rinse under a running stream proved to signiﬁcantly
reduce the discrepancy in remaining ﬁlm thickness of the
treated ﬁlms with respect to the control. Whereas treated
samples that were rinsed for 30 s differed in thickness from
the control by about 7–8 nm, those that underwent the vigorous rinse were within 2 nm of the untreated sample ﬁlm
thickness. This result suggests that the material that formed
the barrier to etching was water soluble. However, it should
be noted that simply submerging treated samples in DI water
for 3–5 min had no noticeable improvement over the 30 s
rinsing process, suggesting that a constant resupply of DI
water on the ﬁlm surface is necessary to remove the barrier.
This is consistent with prior studies comparing immersion
cleaning to direct spraying, which have found that a steady

06JC01-3 Toomey et al.: Inﬂuence of TMAH on niobium nitride thin ﬁlms

06JC01-3

FIG. 3. Impact of TMAH development on the reactive ion etching rate of bare NbN ﬁlms. Plots show the remaining ﬁlm thickness vs exposure time to 25%
TMAH. Thicknesses (inferred from sheet resistances) were measured after (a) 2.5 min and (b) 3.5 min of RIE. The solid squares indicate that the development
was stopped by a 30 s DI rinse (the traditional procedure), while the open circles indicate that the samples were subjected to a vigorous 3 min DI rinse. The star
connected by dashed lines represents the untreated control sample. Error bars represent +½σ, where σ is the standard deviation of the four-point resistance
measurement.

water ﬂow improves rinsing by continuously exposing the
ﬁlm surface to fresh solutions and allowing more efﬁcient
penetration into the material through shear force from the
stream.13–15
Additionally, the remaining thicknesses of the samples
that were vigorously rinsed for 3 min hint at the possibility
of the NbN ﬁlm being thinned by the development process.
If the etch barrier was indeed removed by the DI rinsing, the
lower remaining thickness of the sample developed for 90 s
in comparison to those that were developed for 30 and 60 s
implies that it had a thinner initial ﬁlm thickness before the
etching took place, assuming the etch rate was the same
between the samples. As a result, it is apparent that exposure
to TMAH not only creates a barrier to the etching of NbN
ﬁlms but also makes a physical change on the ﬁlm itself.
III. EXPERIMENT 2: MATERIAL ANALYSIS
A. Methods

In order to explain the observed reactive ion etching
trends shown in Fig. 3, we analyzed the composition of the
etch barrier and measured the superconducting properties of
NbN ﬁlms exposed to TMAH. Changes to the superconducting properties of the ﬁlms were studied by measuring the Rs
and Tc of samples as a function of exposure time to 25%
TMAH. To maximize the observable change with respect to
the initial ﬁlm thickness, we sputtered a thinner ﬁlm than
used previously (d = 5 nm, Rs = 600 Ω/square); sheet resistances of this magnitude are similar to those of NbN ﬁlms
used for SNSPDs, making this study further relevant to the
fabrication of standard superconducting devices. Samples of
the ﬁlm were then submerged in 25% TMAH for durations
ranging from 1 min to 25 h, followed by a vigorous 3 min
DI rinse to remove the etch barrier species. Afterwards, the
sheet resistance and critical temperature of each of the
samples were measured. As before, Rs measurements were

converted into inferred ﬁlm thicknesses; for these ﬁlms, ρ
was estimated to be 2.9 kΩ·nm from x-ray reﬂectometry
measurements of a sister ﬁlm. A control sample with no
TMAH exposure was also evaluated.
Analysis of the etch barrier composition was performed
using Fourier transform infrared (FTIR) spectroscopy operated in the attenuated total reﬂection (ATR) mode. The
sample was prepared by sputtering a thick NbN ﬁlm of the
same properties (Rs = 90 Ω/square) as those used in Fig. 3 on
an Si wafer. The full wafer was submerged in 25% TMAH
for 4 h. To collect a ﬁlm of the etch barrier, the wafer was
sonicated in DI water for 20 min and rinsed in IPA. A solution of the sonicated bath was left to evaporate for 3 days,
resulting in a dense liquid with visible clusters of material.
Drops of this solution were then pipetted onto a clean Si
wafer and dried on a hotplate at 90 °C for 5 min to remove
excess solvents. A Thermo Fisher Continuum Fourier
Transform Infrared Microscope was used to collect spectra of
the dried material.

B. Results and discussion

Figures 4(a) and 4(b) display the changes in superconducting ﬁlm parameters that occurred with increased exposure to 25% TMAH. Exposing the ﬁlm for as little as 60 s—
a common development time—led to a 0.25 nm or 5%
decrease in ﬁlm thickness, and 0.2 K decrease in Tc. In the
extreme case of 25 h of exposure, the ﬁlm thickness
decreased by nearly 3 nm or nearly 57%, and the Tc decreased
by roughly 1.6 K. These results suggest that the ﬁlm is
thinned by contact with TMAH and that even short exposure
times are sufﬁcient to degrade the superconducting ﬁlm.
Additionally, the absence of saturation in the trends of Figs.
4(a) and 4(b) implies that the reaction between TMAH and
the ﬁlm does not only involve the thin (∼1–2 nm) layer of
oxide that grows on the NbN surface, which would cause the
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FIG. 4. Evidence of reaction involving NbN. (a) Inferred ﬁlm thickness of a thin NbN ﬁlm for various 25% TMAH development times, plotted on a log scale.
The thickness continues to decrease for development times as long as 25 h. Error bars represent +½σ, where σ is the standard deviation of the four-point
resistance measurement. (b) Critical temperature for the same samples as shown in (a). Error bars represent +½σ, where σ is the standard deviation of the
critical temperature measurement. (c) ATR-FTIR spectrum of precipitate from a thick (∼20 nm) NbN ﬁlm left in 25% TMAH for 4 h. The spectrum reveals
peaks corresponding to reported values for a TMA-hexaniobate salt.

trend to plateau soon after the oxide was consumed, but
rather involves the entire superconducting ﬁlm.
This change may be better understood through the
ATR-FTIR spectrum of the precipitated etch barrier shown
in Fig. 4(c). In addition to peaks characteristic of TMAH at
1490 and 951 cm−1, there are low lying peaks at 838, 692,
and 650 cm−1. These peaks were found to be in agreement
with three of the main signatures in the spectrum of a
TMA-hexaniobate salt([(CH3)4N]5[H3Nb6O19]·20H2O), which
has recently been synthesized by reacting hydrous niobium
oxide Nb2O5 with TMAH in solution.16 Remaining peaks
around 1620 and 1383 cm−1 may correspond to the typical
signatures of surface hydroxyl groups from absorbed
water17–20 and C-H bending of methyl species,21,22 respectively, while the peak at 1000 cm−1 may represent the native
oxide of the silicon substrate.23,24

Identiﬁcation of TMA-hexaniobate as the primary etch
barrier material explains several of the phenomena reported
in this study. First, the intrinsic water solubility of the salt
accounts for the ability to remove the etch barrier through a
vigorous DI water rinse. Additionally, Ref. 16 showed that
TMA-hexaniobate readily forms clusters with itself, which
could manifest in the enhanced surface roughness of the
treated ﬁlm displayed in Fig. 2. Finally, an etch barrier
formed from a reaction that involves Nb would account
for the measured deterioration in thickness and Tc that indicated a reduction of the pure NbN ﬁlm; it would also
explain the similar deterioration caused by TMAH pretreatment that was reported in Ref. 10. Thus, information from
the IR spectrum elucidates the mechanism behind our
previous observations, which is conceptually presented
in Fig. 5.

FIG. 5. Conceptual illustration of surface modiﬁcation by TMAH. Exposing the NbN ﬁlm to 25% TMAH leads to a reaction that produces TMA-hexaniobate
clusters, thinning the pure NbN ﬁlm and creating a barrier to reactive ion etching. However, a sufﬁciently vigorous DI water rinse removes the clusters, leaving
an NbN ﬁlm that is thinner than the initial state.
J. Vac. Sci. Technol. B, Vol. 36, No. 6, Nov/Dec 2018
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Although there remains some debate about the precise
dynamics dictating the etching of NbN in CF4, there are
certain means through which the presence of the
TMA-hexaniobate salt could interfere with the etching
process. Research on reactive ion etching with CF4 has
shown that polymerization occurs as the amount of available
ﬂuorine decreases, forming unsaturated polymers that more
readily adhere to surfaces.25 This effect can be enhanced by
the presence of hydrogen, producing polymer deposits such
as CHFx and blocking the underlying substrate from being
etched.26 Reduced etching via plasma polymerization has
also been observed in molybdenum, which reacted with
chemisorbed ﬂuorocarbon radicals to form an etch-stop.27
As Nb and Mo are both refractory metals, it is possible
that a similar process is occurring in our samples. The
TMA-hexaniobate salt may also be slowing the etch by consuming the reactant that dominates the chemical etching of
NbN. Past work suggests that active atomic ﬂuorine etches
NbN by reacting to form volatile ﬂuorides;28 however, the
etch rate was observed to decrease in the presence of CHF3
and CH4, which reduced the amount of available active
ﬂuorine by participating with it in a reaction.29 Thus, it is
possible that the TMA-hexaniobate salt reacts with CF4 to
form a polymer barrier that blocks the physical etching of
NbN while also limiting the chemical etch by consuming the
principal reactant. While beyond the scope of this work,
further surface analysis and study of the reactive ion etching
process are needed to conﬁrm these suspicions.
IV. CONCLUSIONS
In this work, we have seen that the 25% TMAH developer
used in standard HSQ patterning adversely affects NbN ﬁlms
by reacting with the superconductor to form an Nb-based
salt that creates a barrier to etching in CF4. We demonstrated
that the etch barrier forms even for development times as
short as 30 s, but that it can be removed through vigorous DI
water rinsing. This approach offers a workable solution to
the pattern transfer issues we encountered in thick NbN
ﬁlms; however, it does not prevent the initial ﬁlm deterioration that takes place as a consequence of the reaction
between TMAH and NbN. While an HSQ mask can protect
the top face of a structure during development, the sides of
the pattern would remain vulnerable, threatening the quality
of a particularly thin or narrow feature. Our work also
reveals that processes which use a 25% TMAH pretreatment
before spinning HSQ in order to promote adhesion deteriorate the quality of the NbN ﬁlms before patterning even takes
place. For particularly thin ﬁlms like those used in the fabrication of SNSPDs, even minor deterioration of the surface
could bear signiﬁcant consequences on device performance.
Given these limitations, it would be beneﬁcial to evaluate
if more dilute TMAH-based developers (e.g., MF CD-26)
have the same effect or if they could be used as substitutes
in standard processes that employ 25% TMAH. Alternative
developers of HSQ such as salty developers30 may be used,
but their inﬂuence on superconducting ﬁlms has not yet been
reported. It may also be desirable to investigate if other etch
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processes such as Ar ion milling or Cl2 reactive ion etching
could replace CF4 in order to avoid the vigorous 3 min DI
water rinse required to remove the etch barrier. Finally,
adding a protective layer between the NbN and HSQ could
be used to prevent direct contact with the developer.
While further work is needed to create an HSQ fabrication process that poses no harm to NbN ﬁlms, this study
nonetheless explores steps that can be taken to classify and
ameliorate an unknown etch contaminant in superconducting
materials. By using FTIR, it was possible to obtain a spectrum of the precipitated contaminant, while measurements of
ﬁlm parameters, etch characteristics, and surface features
provided evidence to support the contaminant’s identity.
Although this investigation has been speciﬁc to NbN, it is
possible that other materials such as tantalum undergo
similar processes, motivating the need for future studies of
the same nature on a wide range of ﬁlms.
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