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ABSTRACT: Microfluidic photoionization detectors (uPIDs)
based on silicon chips can rapidly and sensitively detect volatile
compounds. However, the applications of #PID are limited by the
manual assembly process using glue, which may outgas and clog
the fluidic channel, and by the short lifetime of the vacuum @
ultraviolet (VUV) lamps (especially, argon lamps). Here, we
developed a gold—gold cold welding-based microfabrication
process to integrate ultrathin (10 nm) silica into yPID. The silica
coating enables direct bonding of the VUV window to silicon
under amicable conditions and works as a moisture and plasma
exposure barrier for VUV windows that are susceptible to
hygroscopicity and solarization. Detailed characterization of the
silica coating was conducted, showing that the 10 nm silica coating
allows 40—80% VUV transmission from 8.5 to 11.5 eV. It is further shown that the silica-protected p#PID maintained 90% of its
original sensitivity after 2200 h of exposure to ambient (dew point = 8.0 + 1.8 °C), compared to 39% without silica. Furthermore,
argon plasma inside an argon VUV lamp was identified as the dominant degradation source for the LiF window with color centers
formation in UV—vis and VUV transmission spectra. Ultrathin silica was then also demonstrated effective in protecting the LiF from
argon plasma exposure. Lastly, thermal annealing was found to bleach the color centers and restore VUV transmission of degraded
LiF windows effectively, which will lead to future development of a new type of VUV lamp and the corresponding #PID (and PID in
general) that can be mass produced with a high yield, a longer lifetime, and better regenerability.

VUV lamp

Silica

Bl INTRODUCTION Recently, we developed a silicon chip-based microfluidic
PID (uPID),”"* which has fast responses and a subpicogram

Photoionization detectors (PIDs) are widely used for detecting detection limit. However, currently, our 4PID is manually
o ) )

volatile organic compounds (VOCs).'7" Benefiting from its . ; ;
small footprint, lamp-based PIDs have been implemented in assembled by pressing the lamp’s bottom against the top of the

many field applications like environmental monitoring, microfluidic chip and then sealing the edges with glue. This

industrial hygiene, healthcare, efc.*'%20~2° process is subject to human errors that may cause gas leakage
) ) . . .

Conventionally, a VUV lamp is filled with low-pressure and a low yield (e.g, glues may accidentally clog the channels),

xenon (Xe, VUV photon energy up to 9.9 ¢V), krypton (Kr, up making the whole process not amicable to mass production.
to 10.6 eV3 or argon (Ar, up to 117 eV)."* ' A MgF winéow Further, the glue may outgas and produce a background signal.
: 4 2 Therefore, it is desirable to integrate a VUV window on top of

the microfluidic chip glue-free.” Unfortunately, most estab-
lished hermetic bonding techniques (e.g, eutectic, anodic, and
fusion)”"*® are not applicable for bonding MgF, or LiF with
silicon, since fluoride glass is easy to crack at the high
temperatures required for processing (>300 °C) due to the
large thermal mismatch.

is used for Kr and other lamps whose photon energy is <10.6
eV (wavelength > 117 nm). However, for an Ar lamp, which
emits 11.7 eV photons and can ionize VOCs whose ionization
potential (IP) is >10.6 eV, a LiF window with a high
transmission near 11.7 eV, needs to be used.

All these VUV windows, particularly, LiF windows, are
highly susceptible to moisture (hygroscopicity)"'>'®'*3!3>
and color center formation (solarization) caused by highly

energetic ions and VUV photons.**** While a MgF, window Received: January 23, 2023
provides reliable operation over 3000 h," a LiF window lasts Accepted: May 11, 2023
only ~300 h"" due to higher hygroscopicity,"”">*"** faster Published: May 25, 2023

solarization,>*** and fill gas leak'>® resulting from the larger
mismatch of the LiF thermal expansion coefficient (CTE) to
the glass lamp housing.
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Figure 1. (A) Generic device structure of a silica-integrated photoionization detector (SIPID) consisting of a vacuum ultraviolet (VUV) lamp, an
interlayer of silica-coated VUV window, and a microfluidic channel. The VUV lamps are commercially available, which come with a 1 mm-thick
built-in MgF, and LiF window for a krypton (Kr) and argon (Ar) lamp, respectively. (B) Photograph of a microfluidic chip bonded with a 10 nm-
silica-coated 0.5 mm thick MgF, interlayer. (C) Micrograph of the center of the spiral microfluidic channel in (B). The labeled Cr and Au are on
the top MgF, window and the bottom silicon, respectively. (D) Microfabrication process: (I) anodic bonding; (II) e-beam evaporation and lift-off;
(1I1) deep reactive-ion etching (DRIE); (IV) plasma-enhanced chemical vapor deposition (PECVD); (V) evaporation and Au/Cr etch; (VI) Au—

Au cold-welding.

The present work is aimed at achieving (1) glue-free
bonding between a VUV lamp and a silicon chip for future
high-yield mass production and (2) increased lifetime of a
VUV lamp and hence PID, especially an Ar-based lamp with a
LiF window. Here, we demonstrated an integrated 4PID with a
VUV window coated with an ultrathin (10 nm) silica layer. A
new microfabrication process based on cold welding was
developed, enabling a silica-coated VUV window to be bonded
directly on top of a silicon chip and resulting in reliable and
high-yield assembly of a yPID amenable to industrial-scale
production. We also found that the silica coating maintains a
good VUV transmission while offering strong protection
against humid environments. 40—80% of the original
sensitivity (i.e., without the silica coating) was achieved for
the VOCs of various IPs (8.5—11.5 eV). Using silica as the
moisture barrier, it is shown that the silica-protected yPID
maintains 90% of its original sensitivity after 2200 h of
exposure to ambient, compared to 39% without silica. We also
investigated the degradation mechanisms of the LiF window in
an Ar lamp, showing Ar plasma exposure as the dominant
degradation source other than the commonly believed
moisture effect. Furthermore, ultrathin silica was demonstrated
as an effective barrier protecting LiF windows from Ar plasma,
suggesting a new Ar lamp design to increase its lifetime.
Finally, thermal bleaching was explored to effectively restore
the VUV transmission of degraded LiF windows, providing a
possible route for future design and manufacturing of
regenerable VUV lamps and PIDs.

B MATERIALS AND METHODS

Figure 1A shows the uPID configuration. The Si and glass
wafers were cleaned using piranha solution and then anodically
bonded. A 30 nm chromium (Cr)/200 nm gold (Au) was
lithographically patterned and evaporated onto the silicon
surface using a lift-off process. Another layer of photoresist
(PR) was patterned for deep reactive-ion etching (DRIE)
through the Si to form microchannels having a cross section of
390 um (width) X 400 um (depth), a wall thickness of 40 ym,
and a length of 3.9 cm. The entire spiral channel had an overall
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size of 4 mm in diameter matching the VUV illumination area
of a Kr lamp (Figure 1B). The wafer was then diced. Further, a
predetermined thickness of SiO, was deposited on a MgF,
substrate (i.e, the VUV window) via plasma-enhanced vapor
deposition (PECVD), which was used as an interlayer in
Figure 1A. The 30 nm Cr/200 nm Au was evaporated and wet-
etched with a pattern matching that of the Si microchannel.
Finally, the microfluidic die and the MgF, die were piranha
cleaned and then Au—Au cold-welded through a flip chip
bonder at 150 °C and under a pressure of 2 MPa in ambient
conditions for 10 min (see Figure 1C for the cold-welded
interface). As shown in Figure 1B, the microfluidic die was
designed larger than the MgF, die such that the gold electrodes
on the silicon were exposed and accessible for wire bonding.
Note that the microfluidic chip described above was designed
for the Kr lamp assembly (i.e., Kr 4PID). For the Ar lamp (i.c,
Ar pPID), due to a larger lamp size, the spiral channel was
modified and had a larger overall size of 7 mm in diameter with
a length of 10 cm. For the LiF interlayer, due to the restriction
of processing LiF in our cleanroom facilities, SiO, was
sputtered on a LiF substrate, and the silica-coated LiF
substrate was then mechanically fixed on the microfluidic
chip using UV-curable epoxy. However, the similar micro-
fabrication process developed for the MgF, interlayer is still
applicable. All other materials and methods are described in
the Supporting Information.

B RESULTS AND DISCUSSION

Silica Integrated Microfluidic Photoionization Detec-
tor Device Structure and Fabrication. Figure 1A depicts a
generic device structure of a silica-integrated microfluidic
photoionization detector (SIPID). To protect the VUV
window, an interlayer was formed by coating silica on the
VUV window surface facing the microfluidic channel, i.., the
side exposed to ambient moisture and VOC analytes during
detection. The interlayer was then integrated onto the
microfluidic chip through gold—gold cold-welding®~*° using
lithographically patterned gold as the intermediate adhesive
layer. Note that the counter gold layer on the microfluidic chip

https://doi.org/10.1021/acs.analchem.3c00354
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Figure 2. (A) Device structure of an SIPID using a commercial Kr lamp and a MgF, interlayer coated with various thicknesses (0 to 100 nm) of
silica. (B) Setup used to characterize the silica VUV transmission. The analytes (see Table S1) with a range of IPs were injected via a bench-top gas
chromatography (GC) injector. Two Kr-based PIDs were connected in series. The one without an interlayer was used to calibrate the signal
obtained by the other one with an interlayer (i.., the device under test—DUT) coated with various thicknesses of silica. (C) Normalized signal
obtained by the DUT vs IPs for different thicknesses of silica coating. The normalization is defined as the ratio of peak areas of respective analytes
(with corresponding IPs) between the DUT with a silica coating and the DUT having a bare interlayer without any coating. The signal of a DUT
normalized to the calibration PID is presented in Figure S1. (D) Normalized signal, which reflects the overall VUV transmission efficiency of the
silica coating, extracted from (C) for different silica coating thicknesses. A single exponential function (exp(—k X x), Beer-Lambert law) is used to
fit each curve at respective IPs for extracting the corresponding pseudoabsorption coefficients. The R* values for the seven fits are 0.985, 0.985,
0.996, 0.985, 0.975, 0.988, and 0.988 from 8.56 to 10.47 eV. Inset: pseudoabsorption coefficient vs IP. The vertical dashed line indicates 10.6 eV.

Error bars were obtained with three measurements.

also serves the electrode contacts accessible for wire bond
packaging. As an example, Figure 1B,C shows a 10 nm-silica-
coated MgF, window integrated microfluidic chip with the full
microfabrication process illustrated in Figure 1D. See details in
Materials and Methods.

Unlike traditional hermetic bonding methods® requiring
high temperatures (>300 °C) for long periods (>1 h), cold
welding allows for a low-temperature (150 °C) bonding
process in a short time (10 min) to prevent VUV window
cracking caused by the large thermal expansion coefficient
(CTE) mismatch (CTEg; = 2.6; CTEpgr, = 13.7; CTE e = 37;
unit: 107%/K). On the other hand, compared to other low-
temperature bonding techniques*' ~** (e.g, polymer bonding)
that cannot achieve a hermetic seal due to the gas permeable
nature, the gold cold-welded interface in the SIPID provides a
leak-free encapsulation that can sustain a flow rate up to 40
mL/min, sufficient for most applications in gas chromatog-
raphy. It is noteworthy that, compared to manual glue bonding
of individual dies, cold welding can be applied at the wafer
level, resulting in increased yield and reduced cost per chip.

The commercial PID lamp, which comes with a 1 mm thick
built-in VUV window (MgF, for a Kr lamp and LiF for an Ar
lamp), was then mechanically attached on top of the integrated
interlayer using glue along the lamp’s edge such that both the
bottom surface of the lamp’s built-in VUV window and the top
surface of the interlayer VUV window are sealed from ambient.
Note that although the glue was still used here for simplicity
and convenience, unlike our previous design,7’14 in the current
design, the VUV lamp was easily attached to the top of the
interlayer and the glue was no longer in contact with the
microfluidic chip beneath. Other packaging techniques® (e.g,
3D printing) can also be employed to make a lamp fixture and
completely avoid using glue. For future manufacturing, the
built-in VUV window on a commercial lamp can be precoated
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with silica and cold-welded to the silicon microfluidic chip
without using an interlayer.

Silica VUV Transmission. The silica coating on a VUV
window may inevitably compromise the overall VUV trans-
mission. Ideally, the silica coating should be ultrathin to
minimize its VUV absorption; meanwhile, it should be
sufficiently thick to ensure a uniform and dense coverage on
the VUV window for efficiently blocking moisture permeation.
To characterize the VUV transmission of the silica coating, a
series of Kr lamp (10.6 eV)-based SIPIDs (see Figure 2A)
were constructed with various thicknesses of silica coating (via
PECVD) on the MgF, interlayer. As shown in Figure 2B,
analytes (see Table S1) of various IPs were injected and then
detected by two Kr-based PIDs connected in series. The first
PID did not have an interlayer and was used to calibrate the
downstream SIPIDs (i.e., the device under test - DUT) due to
the nondestructive and flow-through nature of our PID.”

Figure SIA shows the peak area detected by the DUT
normalized to that detected by the calibration PID for the
analytes of different IPs. The interlayers in the DUT had
various silica coating thicknesses ranging from 0 (i.e., just a
bare 0.5 mm MgF, window) to 100 nm. In Figure 2C, the
VUV transmission of the silica coating can be extracted by
further normalizing the peak area in Figure S1A to that
obtained with the 0 nm silica coating. It is found that a 10 nm
silica coating retained 70—80% of the original sensitivity (i.e.,
70—80% overall VUV transmission). In general, with the
increased silica coating thickness, the sensitivity for the
analytes with lower IPs (e.g, 8.56 and 8.82 eV) decays more
slowly than for those with higher IPs (e.g, 10.18 and 10.47
€V), as shown in the inset of Figure 2D. This can be explained
as follows. First, the Kr-lamp has multiple VUV photon
emission energies with the highest being 10.6 V.’ The
analytes with lower IPs can be ionized (and subsequently
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Figure 3. (A) Setup for PID lifetime characterization. An FID, assumed to have no degradation, was connected downstream to the PID as the
calibration detector. (B) Kr lamp based PIDs for lifetime test — (1) control PID without any interlayer (i.e., the Kr lamp was directly placed and
sealed on the top of the microfluidic chip); (2) PID with a bare LiF interlayer; (3) PID with a LiF interlayer coated with 10 nm silica on both sides.
Note that only the bottom surface of the interlayer was exposed to microfluidic channels and hence the ambient environment. The top surface was
sealed by surrounding UV-epoxy, which is assumed to have no water vapor coming from outside. (C) Signal over aging time obtained by the three
devices in (B). The signals from each device are normalized to its relative sensitivity (i.e, PID/FID) at the Oth hour. The PIDs were aged in
ambient environment (see Figure S4). The signal of the PIDs was periodically measured using benzene. The Kr lamps and the FID were turned off
without carrier gas during aging intervals. Error bars were obtained with three measurements.

detected) by not only 10.6 eV photons but also the emitted
photons with other lower energies. In contrast, the analytes
with high IPs (e.g., 10.18 and 10.47 V) can only be ionized by
10.6 eV photons. Furthermore, silica’s VUV absorption
increases with increased VUV photon energy (i.e., decreased
VUV photon wavelength) in the range of 8.5-10.5 eV."”~*
Consequently, the detection of analytes having lower IPs is less
impacted by the silica coating than that of those having IPs
closer to 10.6 eV (see the inset in Figure 2D). The
pseudoabsorption coeflicient of the silica coating at 10.6 eV
is estimated to be 4.5 X 10° cm™! by using the decay curve of
the analyte with 10.47 eV IP in Figure 2D and a single
exponential curve fit (ie, Beer-Lambert law), in general
agreement with the previous studies that show an absorption
coefficient of 6 X 10° cm™" at 10.6 eV***” for silica. Note that
only the analyte whose IP is close to 10.6 eV can be used to
extract the silica absorption coefficient at 10.6 eV since only
10.6 eV photons can ionize it, as discussed previously.

Furthermore, to ensure uniform coverage of an ultrathin 10
nm silica coating on the MgF, window, the surface
morphology of bare and 10 nm-silica-coated MgF, windows
was examined using atomic force microscopy (AFM). The
surface roughness remained the same before (RMS = 0.9 nm)
and after (RMS = 0.8 nm) silica coating (see Figure S2),
suggesting a pin-hole free ultrathin silica layer on MgF,.

We also explored the PECVD silicon nitride coating due to
its reported better performance as a moisture barrier** > than
silica. Only 50% of the original sensitivity was obtained for a 10
nm-thick coating of silicon nitride (Figure S1B). Metallic
coatings such as a thin film consisting of sputtered Cr (2.5
nm)/Au (2.5 nm) were previously reported that allowed for
>50% VUV transmission on an MgF, window,"> but they have
questionable moisture protection effectiveness due to the
discontinuous and island-like surface typically formed by
ultrathin metals.’”** In addition, a thin metal coating is not
applicable in the current yPID design as it would short the
silicon electrodes of the microfluidic chip underneath.

The VUV transmission of the silica coating beyond 10.6 eV
was further investigated using Ar lamps (with the highest
emission energy of 11.7 eV) and LiF windows with a similar
device structure, i.e., replacing Kr lamps (MgF, interlayer) with
Ar lamps (LiF interlayer). Due to restrictions on processing

8499

LiF in our cleanroom facility, silica could only be sputtered on
the LiF substrates instead of using PECVD. In Figure S3A, 10
nm sputtered silica shows 40—60% of original sensitivity (i.c.,
overall VUV transmission) for the analytes with the IP of 8.5—
11.5 eV. The ~20% discrepancy compared to a PECVD
coating is likely caused by the extrinsic VUV transmission loss
of the host LiF substrate due to its exposure to Ar
plasma®***~° during the sputtering process, as evidenced by
the LiF color center formation after sputtering (see Figure
S3B).

Ultrathin Silica as the Moisture Barrier. The reliability
of PIDs was tested using the setup in Figure 3A. An FID was
connected downstream in series with the PID and used as the
calibration detector assuming no degradation. The relative
sensitivity of the PID under test is defined as the ratio of peak
areas of PID over FID. The reliability of the PID was evaluated
using the time evolution of its relative sensitivity under certain
aging conditions.

To examine the silica protection on VUV windows against
moisture, we designed a hybrid device architecture of SIPID in
which the more hygroscopic LiF window (with or without
silica) was selected as the interlayer exposed to ambient to
amplify the moisture effect (since MgF, window is less
susceptible to moisture), and the Kr lamp was employed as the
VUV source due to its known superior robustness to an Ar
lamp. Therefore, other possible degradation mechanisms of an
Ar lamp (see the discussion later) could be ruled out and the
VUV light source was deemed stable throughout the test. As
shown in Figure 3B, two SIPIDs (one with a bare LiF
interlayer and the other with a 10 nm silica double-coated LiF
interlayer) and a control device without an interlayer were
tested. Note that the 10 nm silica coating on the top LiF
interlayer surface was for precaution only, which was
essentially unnecessary as its perimeter was sealed by UV-
epoxy that has a very low water vapor transmission rate. The
PIDs were aged in ambient with a temperature of 19.7 + 0.7
°C and a relative humidity of 41.5 + 10.4%, corresponding to a
dew point = 8.0 + 1.8 °C that is close to the annual average
value recorded at Detroit Metro Airport station in Michigan®®
(see Figure S4). The signal (ie., relative sensitivity) of the
PIDs was periodically measured using benzene (IP = 9.2 eV).
Between two consecutive measurements (i.e., during an aging

https://doi.org/10.1021/acs.analchem.3c00354
Anal. Chem. 2023, 95, 8496—8504


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00354?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c00354/suppl_file/ac3c00354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c00354?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(A

~

=)

Ar

| Built-in LiF_|
Interlayer I:I VS.Q

Control Silica

o
%

Normalized signal
S
>

N
~

| —=— Control
—&— Silica-coated

0 100 200 300 400 500 600 700

Time (h)
(C) 10—
~ 80F
§ Built-in LiF aged
g oo \
=]
E ----- Pristine LiF

Aged LiF interlayer
—— Aged built-in LiF

Wavelength (nm)

0\ 1 L 1 L n
200 300 400 500 600 700 800

B) 1of
g e
508} Tl
&0 S
_g *
206
)
£
Z 041 ® Benzene (9.2 ¢V)
DCM (11.3 eV)
02— : : : :
0.0 0.5 1.0 1.5 2.0

Ar lamp plasma-on time (h)

(D)

Figure 4. (A) Signal of Ar-SIPIDs (with and without silica) for heptane vs time. The signals from each device are normalized to its relative
sensitivity at the Oth hour. Inset: Ar lamp-based SIPIDs (Ar-SIPID) with (1) bare LiF interlayer as a control and (2) silica-coated (10 nm) LiF
interlayer. The normalized signals for two other analytes, toluene and dichloromethane (DCM), are shown in Figure S6B. The aging protocol was
the same as in Figure 3C that the plasma was only turned on during each measurement point. (B) Normalized signal of another Ar-SIPID in
continuous operation (ie., the Ar lamp was turned on throughout the aging experiment) vs aging time for benzene and DCM. Dashed lines are the
fitting curves of a single exponential decay function (A X exp(—k X x) + C). The exponential decay constants are k = 0.53 and 1.14 h™" for benzene
and DCM, respectively. A and C are fitting constants. (C) Transmission spectra of pristine LiF, aged interlayer LiF, and aged built-in LiF. F and M
refer to the F color center and M color center, respectively. The aged interlayer and the built-in LiFs were dissembled from the 700 h aged control
Ar-SIPID (ie., without silica). The inset shows a photo of the dissembled aged built-in LiF window. (D) Illustration of different degradation agents
generated by argon plasma and their exposure to built-in and interlayer LiF windows.

cycle), the PIDs were not in operation with the Kr lamp (i.e.,
plasma) and carrier gas being turned off.

Figure 3C shows the moisture reliability of the three devices.
During the initial 50—100 h, all three devices underwent a
significant drop in sensitivity, which recovered after 200 h.
Although the exact cause of this anomaly is unknown, we
speculate that it may be attributed to an initial “burn-in” phase
of the uPID. The silica-coated LiF device maintained its
sensitivity at 90% after 2200 h of aging. In comparison, both
the control device and bare LiF device have degraded to 45
and 39%, respectively, with the same aging time. We observed
that the bare LiF device underwent the fastest degradation
among the three devices in the first 800 h, after which the
sensitivity plateaued at ~40%. The control device (i.c., the one
with a built-in MgF, window only) shared a similar trend
reaching the 40% plateau with a slower degradation rate. The
results suggest that the LiF window experiences faster
degradation when exposed to ambient than the MgF, window
(control), while the eventual VUV transmission loss after a
long term is similar for both windows. In contrast, the silica-
coated LiF window (or interlayer) shows no obvious
degradation trend with only 10% VUV loss when sensitivity
plateaued, attesting to the effective moisture protection of the
10 nm silica coating.

To understand the role of silica as the moisture barrier, X-
ray photoelectron spectroscopy (XPS) depth profiling was
performed to examine the moisture degradation mechanism of
LiF. As shown in Figure SSA, it was found that the chemical
compositions of both fresh and aged LiF substrates (i.e.,
exposed to ambient for 1000 h) stayed almost constant from
the top surface to 200 nm deep into the bulk. Consistently, the
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binding energy of the Li 1s level also remained relatively
unchanged from surface to bulk (see Figure SSB). These
results suggest that LiF crystals remained chemically unaltered
even when exposed to a moisture dosage that had caused
significant loss in VUV transmission. A previous study showed
that LiF experienced significantly increased surface roughness
when exposed to humidity,”” suggesting that the VUV
transmission loss may be due to the stronger surface scattering.
Therefore, ultrathin silica acts as a barrier to prevent moisture
from being in contact with LiF and as a surface passivation
layer to maintain the morphology of the LiF surface.

Study of Ar Based SIPID. We next implement the
ultrathin silica integration to the LiF interlayers in the Ar lamp-
based SIPIDs (Ar-SIPID), as shown in the inset of Figure 4A,
to examine whether Ar lamp lifetime could be improved.
Figure 4A demonstrates the moisture reliability test of control
and silica-coated Ar-SIPIDs. The aging protocol was the same
as previously described in Figure 3. Surprisingly, both devices
degraded almost identically over 700 h of aging regardless of
silica protection. Compared to the results using the Kr lamps in
Figure 3C, Ar-SIPIDs’ sensitivity had a faster degradation rate
without plateauing. In addition, it was visually observed that
the built-in LiF windows in both Ar lamps of the tested Ar-
SIPIDs appeared yellowish just after ~SO h of aging (see
Figure S6A), and such yellowish discoloration was manifested
throughout the whole bulk crystal of LiF. All evidence suggests
that there are new degradation mechanisms in the Ar lamp
itself that are faster than the moisture-induced degradation
discussed previously.

The major new degradation source turns out to be the Ar
plasma generated inside the Ar lamp. To decouple its impact
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Figure 5. (A) Simulating Ar plasma aging. (Left) Conceptual design of an Ar lamp with silica coating on built-in LiF facing inward. (Right) The
aging effects in an argon-lamp setting illustrated on the left were simulated by placing (1) bare and (2) silica-coated LiF interlayers inside an argon
plasma chamber. The Ar plasma aging setup is described in Figure S7A. (B) Device structure for testing VUV degradation of bare and silica-coated
LiF interlayers after they were aged in an argon plasma chamber in (A). During the test, a stretchable tape was used to sandwich the LiF interlayer
between the Kr lamp and the microfluidic chip with a MgF, interlayer. After each test, the LiF interlayer was disassembled and placed back in the
argon plasma chamber for further aging. (C) Normalized signal of the device in (B) with respect to the argon plasma aging time for both bare and
silica-coated LiF interlayer (10 nm coated on both sides) using benzene as the analyte. The signal is normalized to the relative sensitivity obtained
at the Oth hour for each interlayer. The normalized signals for heptane are shown in Figure S7B. The testing protocol is the same as shown in Figure
3. Error bars were obtained with three measurements. (D—F) Transmission spectra of a bare and silica-coated LiF (S and 10 nm on both sides)
interlayer at different Ar plasma aging times. Note that the as-sputtered LiF substrates develop initial 250 nm color centers due to exposure to Ar
plasma during the sputtering process. Inset in (F) shows the photos of aged samples of bare, S nm silica-coated, and 10 nm silica-coated LiF. F and

M in (D) refer to the F color center and the M color center, respectively.

from the moisture reliability test performed before, another
control device (i.e., Ar-SIPID without silica) was constructed
and it was aged with Ar plasma being turned on continuously.
As evidenced in Figure 4B, with constant Ar plasma aging, the
Ar-SIPID demonstrated an accelerated exponential-like decay,
taking only 2 h to drop to 7S and 30% for benzene (IP = 9.2
eV and dichloromethane (DCM, IP = 11.3 eV), respectively.
In addition, the yellowish discoloration of the built-in LiF
window has also developed (not necessarily requiring 2 h).
Such results indicate that the dominant aging of Ar-SIPIDs in
Figure 4A could be attributed to the accumulated short-term
(approximately 30 min) Ar plasma exposure when it was
turned on during the measurements at each aging test time
point. Additionally, as seen in Figure S6B, throughout 700 h of
moisture aging, the sensitivity loss for DCM is faster than
toluene (IP = 8.8 eV) and heptane (10.1 eV, Figure 4A),
consistent with the trend observed in Figure 4B with
accelerated Ar plasma exposure, that is, the sensitivity decays
faster for the analytes whose IPs are closer to the maximum
emitted photon energy of Ar plasma (11.7 eV), as discussed in
Figure 2D for the Kr plasma case.

To better understand the degradation mechanism of the LiF
windows in the Ar-SIPID, the built-in LiF window as well as
the interlayer LiF window were dissembled from the 700 h
aged control Ar-SIPID (ie., without silica) for further
characterizations. From the transmission spectra in Figure
4C, the aged built-in LiF window shows two dominant
signature color centers of LiF (labeled as F and M), which
render its yellowish appearance as seen in the inset of Figure
4C. These color center formations result from high energy
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irradiations’***~>%" (e,g,, X-rays, Extreme UV (EUV), VUV,
heavy ions, protons, electrons, etc.). Opposite to the
significantly deteriorated built-in LiF window, the directly
contacted LiF interlayer underneath only developed a small F
center without any visual discoloration, indicative of different
degradation mechanisms. As illustrated in Figure 4D, the built-
in LiF window was directly exposed to all four species
generated by Ar plasma inside the lamp body—(1) Ar*: argon
excited state; (2) Ar': argon ion; (3) e: electron; and (4) hv:
VUV photon (eg, 11.7 eV). In contrast, the LiF interlayer was
only subject to the VUV photons transmitted through the
built-in window. The above comparison suggests that the
combination of Ar excited states, Ar ions, and electrons might
play a more detrimental role to the LiF than VUV photons.
However, it is also worth noting that the dose of VUV photons
(hence the damage) incident on the LiF interlayer is lower
than that on the native built-in LiF window during aging,
especially after the built-in window became yellowish. Indeed,
a similar effect was observed previously when a VUV-
transmissive indium thin film was coated on the LiF substrate
exposed to Ar discharge.”* It was found that the ratios of the
initial slopes of the decay curves (i.e., VUV transmission of the
LiF) closely matched the ratios of the initially transmitted
intensities determined by the thickness of the indium thin film.

Ultrathin Silica as the Ar Plasma Protective Layer.
The fact that the LiF interlayer suffered only mild degradation
from Ar plasma with the shielding of the built-in window
described in the previous section suggests a rational design to
eventually integrate an ultrathin dielectric (e.g, silica) coating
on the inner surface of the built-in LiF window in an Ar lamp
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as depicted in Figure SA. Unlike vulnerable LiF, silica is not
susceptible to any color center formation and has one of the
lowest sputtering yields of any standard materials when
exposed to Ar plasma (meaning that silica can withstand Ar
plasma very well). Combined with its decent transmission in
VUV as described before, ultrathin silica becomes a promising
candidate to protect LiF from Ar plasma.

Limited by the inability to build an actual Ar lamp in-house,
we performed Ar plasma aging on the bare and silica-coated
LiF substrates using a commercial Ar plasma chamber, which
simulated the actual environment inside an Ar lamp as
illustrated in Figure SA. After aging in the plasma chamber, the
LiF substrates were inserted as an additional interlayer into a
Kr lamp-based PID device, as illustrated in Figure SB, to
extract the VUV transmission loss. Once again, we used a Kr
lamp (instead of an Ar lamp) to provide a stable VUV source,
as discussed previously. In addition, a stretchable tape instead
of UV-epoxy was used for easy removal of the assembled VUV
lamp and the interlayer between two consecutive aging cycles.
The overall VUV transmission loss is hence inferred as the said
PID sensitivity loss, assuming that other components in the
stack (i.e., the Kr lamp and MgF, interlayer) stayed intact.

In Figure 5C, the 10 nm silica-coated LiF substrate remained
stable (with a 15% increase in fact) after 11.5 h of exposure to
Ar plasma. In contrast, the bare LiF decreased to 60% of its
original VUV transmission for the same aging. Figure SD—F
presents the UV—vis spectra obtained simultaneously with
another batch of substrates, showing that bare LiF
progressively developed the F and M color centers with
overall transmission loss, resulting in visual discoloration after
13 h of aging (see the inset in Figure SF). In contrast, the
silica-coated LiF substrates showed an initial F color center as-
sputtered, which in fact partially recovered after the first 1.5 h
of aging, and the overall transmission stayed relatively stable
without developing any other new color centers. Compared to
small fluctuations in the transmission spectra of the 5 nm silica-
coated LiF substrate, the 10 nm sample presents an almost
constant overall transmission during aging. As mentioned
before, the initial F color center of the silica-coated samples is
caused by the sputtering process using Ar plasma (see Figure
S3B), as further evidenced by the lower transmission value of
the F center (wavelength: 250 nm) in 10 nm coating (0.73)
than that of S nm (0.78). Note that the phenomenon of an
initial partial recovery of the F center is consistent with the
small increase of the VUV transmission observed in Figure 5C,
which also occurred right after the first 2 h of aging. Such color
center healing could be attributed to the UV bleaching
effect”>*® by the UV photons inside the Ar plasma chamber.

The above proof-of-concept experiments using an Ar plasma
chamber suggest that ultrathin silica effectively prevents VUV
transmission loss and color center formation in LiF from
plasma exposure and thus can potentially be integrated on the
inner surface (ie, facing plasma) of a LiF (and MgF,***")
window to increase the Ar (and Kr) lamp lifetime. In contrast,
other VUV transmissive thin films, such as indium®* and
gold,15 are not applicable because their metallic nature would
disrupt the dielectric environment for dielectric-barrier-
discharge plasma to form inside a VUV lamp. Lastly, we
found that the transmission of the degraded LiF windows can
be restored (ie., bleached) by thermal annealing. The details
are described in Figures S8—SI11.
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B CONCLUSIONS

We developed a microfabrication process that bonds VUV
window with silicon under amicable conditions, paving the way
for directly integrating VUV lamps onto yPIDs for future high
yield mass production. The ultrathin silica coating was shown
to be an effective barrier for both moisture and plasma
exposure with good VUV transmission. The silica coating used
in this work was prepared by widely employed deposition
techniques (ie, PECVD and sputtering) without further
processing. More advanced techniques (eg, atomic layer
deposition) could potentially offer superior quality silica
coatings to further enhance the performance. In the future,
more robust VUV lamps with enhanced lifetime can be
developed by coating ultrathin silica on both sides of the VUV
window—the outer silica layer for moisture protection and the
inner for plasma shielding. Such a new type of VUV lamp and
the corresponding PID will significantly reduce the main-
tenance effort in field applications under harsh environments
and broaden the detection range of VOCs beyond 10.6 eV
(Kr-based PID) by using a reliable Ar-based PID (up to 11.7
eV).
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