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DEVELOPMENT OF TECHNOLOGY
FOR SENSOR CHIP PRODUCTION WITH ENCHANCED SENSITIVITY
AND IMPROVED PHYSICAL AND MECHANICAL CHARACTERISTICS
FOR OPTICAL SENSORS BASED
ON SURFACE PLASMON RESONANCE

An innovative project on the development of a method for manufacturing sensor chips with enhanced sensitivity for
biosensors based on surface plasmon resonance (SPR) operating in the Kretschmann scheme has been completed.
An increase in sensitivity of such sensor has been achieved by forming high-frequency periodic grating on the sensor
chip surface using the interference photolithography technique. All processes have been optimized. A pilot sample of
modernized SPR refractometer as well as a pilot batch of nanostructured sensor chips with spatial frequencies up to
3400 mm~'" have been manufactured and tested. The use of nanostructured chips has resulted in a 4.7-time increase in

the SPR refractometer sensitivity.
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Optical sensors based on surface plasmon reso-
nance (SPR) are widely used in biology, medicine,
ecology, food, chemical, and pharmaceutical in-
dustries, agriculture, etc. [1—5]. However, the sen-
sitivity of these biosensors gets lower as the size
of studied biological molecules decreases. In par-
ticular, modern SPR-based biosensors are usually
insufficiently sensitive to detect the interaction of
proteins with small ligand molecules [6].

As previous theoretical and experimental stud-
ies of French authors [7, 8] have shown, one of the
ways to increase the sensitivity of SPR based bio-
sensor in the Kretschmann scheme is the formation
of a periodic lattice on the surface of metal layer of
sensor chip. Periodic nanostructures are formed
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using advanced lithographic technologies: elec-
tron beam or ion beam lithography [9, 10], nano-
spheric lithography [11], nano-stamping [12], op-
tical lithography in the far ultraviolet region [13]
and other fairly costly processes. As a result, their
price is too high, which makes questionable their
widespread use.

At the same time, interference lithography (IL)
is cheaper and technologically simpler, which
can be used for the formation of ordered metal-
lic nanostructures [14, 15]. In previous studies,
IL has been shown to be a promising technology
for the formation of one- and two-dimensional
submicron periodic structures on the surface of
metallic films, semiconductors, and insulators us-
ing a high-resolution vacuum photoresist based
on chalcogenide glass (CG) [16, 17].

Therefore, the main objective of innovation
project was to develop and to optimize interfer-
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ence photolithography technological processes
using vacuum photoresists for manufacturing
sensor chips with high sensitivity and improved
physical and mechanical properties for SPR-
based optical sensors.

DESIGN AND SETTING UP
OF OPTICAL SCHEMES AND OPTIMIZATION
OF PROCESSES FOR MANUFACTURING
HIGH-FREQUENCY PLASMON STRUCTURES

Theoretical calculations have shown that in
order to effectively increase sensitivity of sen-
sor chips, the surface of gold plasmon-generating
layer should be nanostructured with a grating
period of 3000 to 3400 mm~'. To produce such
high-frequency structures, it is necessary to opti-
mize the processes for vacuum application of gold
and vacuum chalcogenide photoresist coating,
exposure, post-exposure treatment, and etch of
plasmon-generating layer.

The IL scheme is shown in Fig. 1. A multilayer
structure (Fig. 1, a) consisting of substrate (7),
working layer of gold (2), and photoresist layer
(3) are exposed to interference field from two
coherent laser beams (4). The interference pat-
tern period (A) is determined by the formula:
A = (W2n)sin(6/2), where A is light wavelength
in vacuum, n is refractive index of medium where
interference pattern is formed, and 0 is beam con-
vergence angle.

The exposure is followed by controlled selec-
tive etch of inorganic chalcogenide photoresist
and formation of a mask consisting of parallel
lines (Fig. 1, b). Further, the working (plasmon-
generating gold) layer is etched (Fig. 1, ¢). The
mask having been removed, a diffraction structure
remains on the working layer surface (Fig. 1, d).

The optimum conditions for vacuum applica-
tion of gold using the IL technique have been
established to be as follows. The samples are pre-
pared by consecutive thermal evaporation in va-
cuum (2x 1073 Pa) and condensation on the sub-
strates of 3 nm thick chromium (Cr) adhesive
layer, 40—50 nm thick metal (Au) and 50—100 nm
thick chalcogenide photoresist layers (depend-
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Fig. 1. Scheme of interference lithography process

ing on the spatial frequency of nanostructures).
Polished plates of F1 glass (n = 1.615, dimen-
sions 20x20x1 mm) are used as substrates. The
thickness is controlled by a quartz thickness me-
ter (KIT-1) during the film application and by a
microinterferometer MII-4 and an ellipsometer
LEF-3M after the deposition.

The interference structures on chalcogenide pho-
toresist films are recorded using an interference pat-
tern from helium-cadmium laser (A = 441.6 nm)
radiation with a given spatial frequency. The op-
timal exposure when recording high-frequency in-
terference masks is 0.2—0.5 J /cm?

After exposure, using selective etching solu-
tion based on anhydrous ethylenediamine solu-
tion, a lithographic mask is formed, through which
the metal film is etched.

The etching of photoresist and plasmon-ge-
nerating layers is controlled in situ by recording
non-photoactive long-wave light diffracted from
the relief structure formed during the etching.
After removal of residual photoresist in alkali
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Fig. 2. Optical scheme of recording interference pattern on
chips for SPR refractometer

solution, washing and drying, a metallic periodic
structure is obtained.

Fig. 2 shows a photo of an optical scheme as-
sembled on a vibration-resistant plate in a room
with controlled temperature and humidity.

PRODUCTION
OF PILOT SAMPLES AND STUDY
OF THEIR PROPERTIES

After interference lithography technique op-
timization, thirty pilot dual-channel gold chips
with various lattice parameters (relief depth, slit
between the nanowires, period) have been made.
The periodic structure was formed only on the
one side of the chip, the other side remaining
coated with unstructured gold film. The samples
were prepared for comparative study on dual-
channel device. The researchers used upgraded
dual-channel SPR-refractometer PLASMON-71M
in the Kretschmann configuration developed at
the Lashkarev Institute of Semiconductor Phy-
sics of the NAS of Ukraine with a semiconduc-
tor laser having a wavelength of 850 nm as radia-
tion source.

The lattice spatial frequency was selected ba-
sed on the condition of proximity to the Bragg
reflection. The theoretical modeling in [7] was
performed for sinusoidal gratings with a small
depth of relief. In this case, it is possible to es-
timate approximate Bragg grating constant (A;)
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using the formula [18]:

A, =0,5), [(g,, T &,)e,_g]" /cose, €))

where A is light wavelength in vacuum, ¢ is azimuth
angle that is the angle between the incident plane
of probe beam and the grating wave vector perpen-
dicular to grating lines, €, = n? is dielectric constant
(n is refractive index, glycerin aqueous solution),
and g__is real part of of metal dielectric constant (in
this case, gold). For Au—water interface (water re-
fractive index at 20 °C is 1.333) at an excitation
wavelength of 850 nm the condition of Bragg re-
sonance corresponds to a grating period of about
309 nm (spatial frequency v = 3240 lines/mm). The
dielectric permeability of gold is taken from [19].
As the refractive index of medium interfacing gold
increases the resonance condition is met at lesser
grating periods. For instance, for glycerin with n =
= 1.474 at 20 °C the Bragg resonance corresponds
to a period of 277 nm (v = 3610 lines/mm). Pro-
ceeding from the above estimates, samples with
spatial frequencies of periodical nanorelief taken
within the mentioned range have been manufac-
tured using the IL method.

Fig. 3 shows photos of the first series of dual-
channel chip prototypes, where polychromatic
light falls perpendicularly to grating lines (a) and
in parallel to the lines (b). In the first case, the
observed spectra on sample surface appear as a
result of light diffraction on gratings, whereas in
the second case, intensity of reflection on grat-
ings with different relief depth differs.

Fig. 3. Dual-channel chip prototypes: a — light falls perpen-
dicular to the grating lines, b — light falls in parallel to the
grating lines
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Fig. 4. AFM images of gratings with a period of 296.6 + 0.5 nm
and different depth of relief
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Fig. 5. AFM images of Au-chips with a period of 296.6
+ 0.5 nm and an average relief depth of 13.5 + 2 nm (@) and
21.0 £ 2 nm (b)

Atomic force microscope (AFM) Dimension
3000 Scanning Probe Microscope (Digital Instru-
ments Inc., Tonawanda, NY, USA) was used to de-
termine the shape of relief elements of periodic
structure and their dimensions. The spatial fre-
quency of gratings was measured using an optical
stand based on G5M goniometer with an accu-
racy of + 5 lines/mm.

Fig. 4 shows AFM images of a relief of samp-
les with the same grating period, but with differ-
ent line widths varying from 90 to 150 nm.

The PLAZMON-71M refractometer enables
to measure angular dependences of internal re-
flection intensity R (0) for the gold film and to
determine the position of reflection minimum
(0_. ) that corresponds to the excitement of sur-
face plasmons on the gold-medium interface. 6_
is rather sensitive to varying refractive index n of
the medium near the surface of gold film, which
enables recording the processes resulting in very
small variations of n in this area. To determine the
structure sensor sensitivity, i.e. the influence of
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medium refraction index on the resonance mi-
nimum shift, a glycerin aqueous solution of vari-
ous concentrations was introduced into a dual-
channel flow-through cell located above the sam-
ple studied in such a way as the fluid interfaces
the structure, with one channel corresponding to
the reference gold film and the other one to the
nanostructured film (with a surface relief formed
as grating).

The sensitivity of structured chips has been
studied in detail on the samples whose AFM im-
ages are shown in Fig. 5. These gratings have the
same period of 296.6 = 0.5 nm (v = 3372 mm™!),
but the golden film is etched through a photo-
resist mask for different time, which results in
a different depth of relief: 13.5 + 2 nm (a) and
921.0 £ 2 nm (b).

The dependence of 6_. on the medium refrac-
tive index for these gratings is featured in Fig. 6.
Curve 7 on all diagrams shows 6 . (n) depen-
dence for standard Au-sensor with an unstruc-
tured surface. It can be seen that as n increases,
6_. also grows monotonously, with the slope an-
gle (A0_. to Anratio) being almost constant over
the entire studied range of n and equal to about
100 deg./RIU (where RIU is refractive index
unit). The ratio of the minimum position shift
AB__ to the corresponding change in the refrac-
tive index An characterizes the method sensitiv-
ity to varying medium refractive index n near the
surface of the metal film.

Curve 2 in Fig. 6 a corresponds to a sensor with
a structured surface and a small depth of relief
(13.5nm). The chip is oriented in such a way that
the incident plane of probe beam is perpendicular
to the lines. For the structured chip, the 6_ (n)
dependence is nonlinear: when approximating the
Bragg resonance condition, the slope of this de-
pendence decreases significantly as compared with
the standard chip, and further, there is a section
of high sensitivity within the range of refractive
index variation An = 0.009.

This range is highlighted by two vertical dashed
lines in Fig. 6. Within the high sensitivity range,
the experimental points are approximated with
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Fig. 6. Dependence of SPR resonance position Omin on refractive index n for the standard Au-chip with a smooth surface

(curve 1 (a), (b), and (¢)) and Au-gratings with a period of 296.6 + 0.5 nm and a relief depth of 13.5 = 2 nm (curve 2 (a))

and 21.0 = 2 nm (curve 2 (b)). Curve 2 (¢) shows 0min(z) dependence for Au-grating with a period of 302.0 + 0.5 nm and
an average relief depth of 17.5 + 2 nm

straight line segments. For the test sample the
ratio of slopes of these segments, that is, the ratio
of sensitivity of the structured and the standard
chips is 2.4.

Fig. 6, b (curve 2) shows the 6_. (n) dependen-
ces for structured sample with a greater depth
of grating relief (21 nm). The range of increased
steepness, which is marked by vertical dashed
lines, is also significantly narrowed for this sample
(An = 0.0031) as compared with the chips hav-
ing a lower depth of relief, but the magnitude
of steepness increases essentially. The ratio of
segment slopes, which approximates the experi-
mental points for the standard and the structured
chips in the high sensitivity range, is 4.4. For this
batch of samples (Fig. 5), the sensitivity increas-
es from ~100 deg/RIU for the standard chips up
to 260 deg/RIU for the structured chips with a
lower depth of relief and up to 480 deg/RIU for
the chips with a greater one. However, for all
samples studied, the general pattern has been ob-
served: as the relief deepens, An (the width of
refractive index range where sensitivity grows)
gets narrowed, with the sensitivity increasing
within this range.
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An increase in sensitivity of structured SPR
sensor chips within a limited refractive index
variation range is consistent with the results of
theoretical studies that suggested an increase in
sensitivity within the range of An less than 0.01
[7]. The biochemical processes studied with the
use of SPR refractometer are often accompanied
with deposition of biomolecule monolayers with
very small variations of refractive index. The re-
fractive resolution of Plasmon-71M refractome-
ter being An = 5-10% RIU, the operation range
An less than 0.01 RIU may be sufficient for such
measurements (it can embrace several hundred
experimental points).

In addition, the operation range with enhanc-
ed sensitivity of sensor can approach the refrac-
tive index of medium studied by changing the
grating’s spatial frequency. Fig. 6, ¢ (curve 2) fea-
tured 0_.(n) dependence for Au-grating with a
period of 302.0 + 0.5 nm and an average depth of
relief of 17.5 = 2 nm. The range of An with en-
hanced sensitivity shifts by 0.026—0.030 RIU to-
wards lower n as compared with the results for
gratings with a period of 296.6 nm (Figs. 6, a, b,
curves 2). Having solved the equation (7) with
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Fig. 7. Dependence of SPR resonance position 6 . on refractive index n for the standard Au-chip (curve 7) and Au-grating
with a period of 296.6 = 0.5 nm and a relief depth of 13.5 + 2 nm (curve 2) coated with a 4 nm thick chromium layer: a —
incidence plane of probe beam is perpendicular to the grating lines (azimuth angle ¢ =0),b6 — ¢ =5.7°,and ¢ — ¢ = 10°

respect to 7, one can estimate a shift in resonant
refractive index resulted from increase in the gra-
ting’s period from 296.6 nm to 302.0 nm. The ob-
tained shift in the position of operation range is
0.024 RIU at ¢ = 0 that is in good agreement (es-
pecially for such a simplified dependence) with
given experimental data.

However, this way of approximating the opera-
tion range to the medium refractive index is quite
costly, since it is necessary to make a set of struc-
tured chips with different spatial frequencies. On
the other hand, the position of operation range
can also be changed by modifying the chip sur-

Fig. 8. PLASMON-71M biosensor refractometer

face. Fig. 7 a shows the dependences of minimum
SPR position on the refractive index of the stud-
ied solution for standard Au-sensor (curve 7) and
for Au-grating with a depth of 13.5 £ 2 nm (cur-
ve 2) coated with a 4 nm chromium layer. This
islet chromium layer is deposited by the method
of thermal evaporation in vacuum. Such a modi-
fication of the chip surface leads to a shift in the
operation range position by 0.018 RIU towards
lower n as compared with the unmodified analo-
gue chip (Fig. 6, a, curve 2).

Consequently, instead of making diffraction
gratings with different frequency, a thin layer of
metal or dielectric can be applied to the chip sur-
face. This process is much cheaper than making
the gratings. However, this chip modification is
irreversible and leads to changing conditions of
immobilization of biomolecule monolayers on
the chip surface.

The most convenient way of approximating the
operation range position to the refractive index of
the studied medium may be to vary the azimuthal
angle. Fig. 7, b shows 6_. (n) dependencies for the
same dual-channel chip as in Fig. 7, a, but the sam-
ple was fixed in the SPR refractometer in such a
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way that the incident plane of probe beam was
oriented at 5.7 ° relative to the grating wave vector
(¢ = 5.7 °). Fig. 7, c features results for the same
sample at ¢ = 10 °. It should be noted that the ope-
ration range shifts towards higher refractive index
by 0.0056 RIU at ¢ = 5.7 ° and by 0.0184 RIU at
¢ = 10 °, as the azimuth angle increases. Calculati-
ons by formula (1) have given shifts of 0.006 RIU
and 0.020 RIU, respectively, which are in good ag-
reement with the experimental data.

These results show that at small variations of
the azimuthal angle the SPR measurements us-
ing the high sensitivity range can be done within
a wide range of refractive index variations on one
nanostructured chip.

The use of structured chips with high sensitiv-
ity also requires some upgrade of existing refrac-
tometer based on surface plasmon resonance. In
particular, as the above mentioned research re-
sults have shown, in order to cover all required
range of refractive index by the range of enhanced
sensitivity of structured chip, the device design
shall allow the chip to rotate azimuthally within
10 degrees. In order to solve this problem in the
project framework, a design has been developed
and a prototype model of upgraded SPR-refrac-
tometer PLASMON-71M has been made (Fig. 8).
The small refractometer modified for measure-
ments using nanostructured chips with high sen-
sitivity is configured in such a way as to enable
varying the chip orientation within 10 degrees in
the azimuthal direction (the rotation around the
axis that is perpendicular to the sample plane and
passes through the point of light incidence onto a
plasmon-supporting film).

The specifications of small multi-purpose re-
fractometer are shown in Table. These parameters
have been obtained from the acceptance tests of
model sample.

CONCLUSIONS

The processes of interference lithography with
the use of vacuum photoresists for the manufac-
ture of nanostructured sensory chips with spatial
frequencies up to 3400 lines/mm, enhanced sen-
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Specifications
of PLASMON-71M Refractometer
Parameter Value

Range of refractive index measurement 1.0—1.45

Resolution of refractometer for refractive 5-10°¢

index measurements

Incidence angle resolution 10 angular
seconds

Maximum scanning angle 17°

Maximum azimuth rotation angle 10°

SPR full curve measurement time, sec <3

Minimum time per a single measurement:

Measurement in SPR-curve mode, sec 2.5
Number of optical channels 2
Radiation source: GaAs semiconductor A =850 nm
laser, wavelength, nm
Connection to PC USB
Software Plas 7XE
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sitivity, and improved physical and mechanical
properties for optical sensors based on surface
plasmon resonance have been optimized.

A method for adjusting the operation range of
nanostructured sensor chip to the refractive in-
dex of the studied medium by chip azimuthal ro-
tation has been developed. To this end, the SPR
refractometer has been upgraded.

A prototype SPR refractometer and an ex-
perimental batch of nanostructured sensor chips
have been manufactured and tested. The results
of sensor sensitivity measurements have con-
firmed the theoretical suggestion that the sen-
sitivity of SPR-biosensors can be enhanced by
forming a grating with corresponding period
and relief depth on the chip working surface.
The multiplicity of sensitivity increase and the
range of refractive index variations in the me-
dium where this increase is observed have been
established to depend on the relief depth. As the
relief depth increases, the operation range gets
narrower, and the multiplicity of increase in sen-
sitivity grows. The SPR refractometer sensitiv-
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ity increases 4.7 times due to the use of nano-
structured chips.

The main advantage of the project deliverables
is enhancement of SPR-biosensor sensitivity.
The cost of nanostructured chips will be UAH
300—350 per unit depending on its characteris-
tics. The minimum price for foreign counterpart
with standard unstructured gold layers is EUR
40 per unit.
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PO3POBKA TEXHOJIOTTI BUTOTOBJIEHHSI
CEHCOPHUX YUIIIB 3 HIABUIIIEHOIO
UYTINBICTIO TA IIOKPAIIEHNMN
OISUKO-MEXAHIYHNMUI
XAPAKTEPUCTUKAMMU JIJI1 OIITUYHNX
CEHCOPIB HA OCHOBI IIOBEPXHEBOTO
IINTASMOHHOTI'O PESOHAHCY

Bukonano iHHOBaIiHHUI IPOEKT 3 PO3POOKU TEXHOJIO-
TiYHOTO METO/ly BUTOTOBJIEHHSI CEHCOPHUX YMIIIB 3 Ii/[BU-
[IEHO0 YYTJIUBICTIO /Jist 610CEHCOPIB HA OCHOBI OBEPXHe-
Boro 1rasmonHoro pedonancy (IIIIP), axi mpamorors B
cxemi Kpeumana. [lifBuiiieHHs 4y TJIMBOCTI TAKOTO CEHCOPA
JIOCATAETLCS 32 paxyHOK (opMyBaHHs BUCOKOYACTOTHOI
TepioINIHO] 'PATKU HaA TTOBEPXHiI CEHCOPHOTO YHUIIA 32 J[0-
momorofo iHTepdepentiiinoi ¢oromitorpadii. OnTnMmiszo-
BAHO TEXHOJIOTIYHI TPOIIECH, BUTOTOBJIEHO Ta BUITPOOYBAHO
nocriinuii 3pazok mogepuizosanoro [IITP pedpakromerpa
Ta eKCIEePUMEHTAIbHY TapTil0 HAHOCTPYKTYPOBAHUX CEH-
COPHUX YUIIB 3 MpocTopoBUMU 4yactotamu g0 3400 min/
MmMm. JlocaruyTo 36iabiments yytausocti [P pedpaxto-
MeTpa y 4,7 pa3u 3a paxXyHOK 3aCTOCYBAaHHS HAaHOCTPYKTY-
POBaHUX YHUITIB.

Knrouoesi cioea: noBepXHeBUil IIJIASMOHHUI PE30HAHC,
GioceHcopu, inTepdepeniiiita Jgitorpadisi, BAKYyyMHI XaJib-
KoreHijiHi poropesuctu.
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PASPABOTKA TEXHOJIOIMIN ITPOU3BO/ICTBA
CEHCOPHBIX YUTIOB C ITOBBIITEHHO
YYBCTBUTEJBHOCTBIO 1 YIIVUIIEHHBIMU
OU3NKO-MEXAHMYECKNMU
XAPAKTEPUCTUKAMMN JIA OIITUYECKUX
CEHCOPOB HA OCHOBE ITOBEPXHOCTHOTIO
IITASMOHHOTI'O PESOHAHCA

Bbl110/1HeH HHHOBAIIMOHHBIH TIPOEKT 110 pa3pabOTKe TEXHO-
JIOTUYECKOTO METOJIA M3TOTOBJICHUSI CEHCOPHBIX YHTIOB C TIOBbI-
HIEHHON YyBCTBUTEILHOCTBIO /IS OHOCEHCOPOB HA OCHOBE T10-
BEPXHOCTHOTO TIa3MOHHOTO pesonatca (III1P), paGoratommx
B cxeme Kpeumana. [loBbilienne 4yBCTBUTEIBHOCTH TaKOTO
ceHcopa JIOCTHraeTcs ImyTeM (DOPMUPOBAHIST BBICOKOYACTOT-
HOH NepHOIMYEeCKO PEHICTKU Ha TTOBEPXHOCTH CEHCOPHOTO
YUIa C TOMOIIBI0 WHTEeP(EepeHImoHHol doToauTorpadun.
OnTUMI3MPOBAHO TEXHOJOTHYECKHUE TIPOIIECCHI, N3TOTOBJIEH 1
UCIIBITAH 9KCIIEPUMEHTAIbHBIN 06pa3er; MOIePHU3HPOBAHHO-
ro [IITP pedpakromerpa, a TaksKe IKCIIEPUMEHTATIBHAS TAPTHS
HAHOCTPYKTYPUPOBAHHBIX CEHCOPHBIX YMIIOB C ITPOCTPAHC-
TBeHHbIMU yacToTamu 10 3400 siH,/MM. [locTirayTo yBesinye-
nue yyscrBuresibHocT TP pedpaxromerpa B 4,7 pasa 3a
CUeT UCIOJIb30BAHUS HAHOCTPYKTYPUPOBAHHBIX YHIIOB.

Knrouesvie c106a: NOBEPXHOCTHDIH 11IIa3MOHHBII pe30-
HaHC, OMOCEHCOPBI, MHTephepeHIMOHHAsT TUTOrpadus, Ba-
KYYMHbBI€ XaJIbKOT€HU/IHbIE ()OTOPE3UCTBI.



