High-selectivity single-chip spectrometer in silicon

for operation at visible part of the spectrum

J. H. Correia, M. Bartek and R. F. Wolffenbuttel

Delft University of Technology, ITS/Electrical Engineering
Lab. for Electronic Instrumentation/DIMES

Mekelweg 4, 2628 CD, Delft, The Netherlands

Phone: +31-15-2781602, Fax: +31-15-2785755, E-mail: J.H.Correla@its.tudelft.nl

Abstract

A microspectrometer has been realized based on an array of Fabry-Perot optical thinfilmfilters.
The 16-channel microspectrometer is compatible with |C fabrication methods and operates in
the visible spectral range with an inter-channel shift of 6 nm. Each of the channelsis sensitive
in a single peak with Full-Width-Half-Maximum (FWHM) of 16 nm. Also a FWHM below
2 nm and finesse of 40 for narrow band operation is demonstrated. The device can easily be
tuned during fabrication to cover a different spectral band only by adjusting the etching times
without affecting the device layout. Such a device is extremely suitable for applications in mi-
crosystems because of its small size, high spectral selectivity and low cost. Microspectrometers

for the UV and IR regions are a so feasible using this technique.
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. INTRODUCTION

Conventional benchtop spectrometersinvolve acomplex system of lenses and moving parts (or
a high-density photodetector array), and are thus bulky and expensive. By applying microma-
chining techniques one may be abl e to produce a spectrometer with drastically reduced size and
costs (in high-volume production). In addition, a number of these systems can be combined for
improved spectral range and/or resolution. Moreover, an integrated optical device hasanumber
of advantages over a conventional optical system, such as a simplified assembly, stable align-
ment, and compact size.

The dimensional advantage of a miniaturized spectrometer is, in many applications, of higher
importance than its reduced resolution. For example, examination of products in a manufactur-
ing line by means of laboratory analysisistime consuming, increases costs and sometimes stops
production. Therefore, it has become important to perform on-line measurements in the process
line in order to correct any process problemsin real time. A small spectrometer offers a huge
potential to serve the needs of future automated optical inspection systems.

| dentification of the composition of gases and liquids, chemical analysis by optical absorption,
emission-line characterization, colorimetry and biochemical analysis are some of the applica-
tions where a miniaturized spectrometer can be useful [1].

Previously devel oped microspectrometers [2-6], fabricated using bulk or surface micromachin-
ing, contain movable parts to perform wavelength tuning. As aresult, they have limited relia
bility and are suitable only for operation in a limited spectral band (mostly near-IR) [6,7].
Moreover, high-voltage electrostatic actuation is necessary for resonance cavity tuning.
Operation in the visible spectral range (with a single transmission peak) implies a maximum
cavity length of 400 nm. Fabrication and modulation of such a narrow airgap between the two
mirrorsis severally hindered by capillary forces inside of the cavity. Also, electrostatic pull-in

and subsequent sticking of the two mirrors limits the operating range of the device to one third



of theinitial air gap [8]. Small resolution (R=I /DI , with DI the smallest wavelength difference
distinguishable at a specific wavelength, | ) are alimitation of microspectrometers because the
optical path length availableis short (especially in grating-based microspectrometers) compared

with the large dimensions systems.

[I. MICROSPECTROMETER DESIGN

A. The complete structure

A new single-chip, Fabry-Perot array-type microspectrometer was developed. This device is
suitable for operation in the visible spectral range and does not require el ectrostatic actuation.
The Fabry-Perot structure is a simple interferometer where the incident light suffers multiple
reflections between the coated surfaces that define the cavity. The emerging wavefronts inter-
fere constructively only if thereis no phase difference between them. At other wavelengths, de-
structive interference of the transmitted wavefronts reduces the transmitted intensity towards to
zero. Therefore, this device acts as a filter that transmits certain wavelengths and reflects the
others back to the light source.

The realized microspectrometer, shown schematically in Fig. 1 (an individual channel in cross-
section) and Fig. 2 (the complete 4x4 array microspectrometer), isfully compatible with stand-
ard I C processing methods.

The impinging spectrum isfiltered in the Fabry-Perot resonator and the intensity of the selected
spectral component is measured in transmission using an underlying integrated photodiode ar-
ray. On top of each photodiode a deposited Al/SIO,/Ag layer stack functions as a Fabry-Perot
optical filter. Thethickness of the PECV D-silicon-dioxide layer, which isenclosed between two
semi-transparent metallic mirrors, determines the wavelength tuned to. In N subsequent plasma
etching steps (using different photoresist masks), the initially deposited PECVD oxide layer is

thinned forming 2\ channels, each with a different resonance cavity length. An oxide layer is



present between the cavity and the photodiode and introduces a wavel ength-dependent trans-
mission of the incident radiation. Its thickness was designed to yield a flat transmittance over
the visible spectral range (approximately 50 nm) [9-10]. Evaporated metallic mirrors were used
instead of high-performance dielectric mirrors, to maintain fabrication simplicity (only onelay-
er must be deposited).

Another advantage of metallic mirrorsisthe suitability for use over awide spectral range [11].
Silver and aluminum have been selected for high reflectivity at visible wavelengths (see Fig. 3).
Fabry-Perot filters using metallic mirrors cannot provide both high finesse (ratio between the
free spectral range and FWHM) and high transmittance simultaneously due to the optical ab-
sorption in the metal layers (Fig. 4). Unlike macroscopic applications of silver-based reflective
coatings [12], the poor environmental resistance of silver isnot critical in a microsystem appli-

cation. Sealing of a complete system avoids any environmentally induced mirror degradation.

B. Sdlection of materials

According to the ssmulation results, the best option for a Fabry-Perot resonance cavity for the
visible range in terms of optical characteristicsisto use silver mirrors (higher reflectance than
aluminum mirrors) with an intermediate air gap (lowest refractive index). Because the array
type has fixed cavities of different widths, an array of Fabry-Perot etalons (cavity medium dif-
ferent from air) was implemented. In conventional devices, itiscommon to use adielectric film
such as glass or silica as cavity medium. Two different dielectric materials were investigated:
silicon nitride (SiyNy) and PECVD silicon dioxide (SO,). SiyNy films are characterized by
stronger dispersion and larger values of the refractive index. The dependence of refractive index
on the wavelength for the PECVD SiO, films is more constant (varies from 1.47 to 1.46 be-

tween 400 nm to 800 nm wavelengths) [9]. Therefore, PECVD SO, was selected.



Due to fabrication constraints, the bottom mirror of the etalon is a thin aluminum film instead
of silver (a soft metal for evaporation). Only the top mirror is athin film of silver deposited at
the last step in the fabrication process. The compatibility with standard microelectronics
processing impliesthat only Si-compatible materials should be used, avoiding contamination of

the process with the deposition of silver in an intermediate step.

C. Optical ssimulations of the Fabry-Perot etalon

A thin-film optics software package - TFCalc v.3.2 (from Software Spectra)- was used for struc-
tural optimization of the Fabry-Perot filter. The transmittance of a 60 nm-Ag/1000 nm-SiO,/
60 nm-Ag layer stack (Fig. 5) shows a FWHM of 1.8 nm and a finesse of 40. The Ag-layer
thickness is a trade-off between achievable FWHM and absorption loss. When aluminum is
used for the bottom mirror (due to fabrication constraints), the performance slightly decreases

dueto higher absorption and lessreflectance of aluminum films compared to that of silver films.

D. Phototransducers

Each channel in the microspectrometer is composed of a Fabry-Perot etalon with an optical de-
tector underneath. The detector is a p-n junction photodiode fabricated in a standard bipolar
process (see Fig. 1). The absorption of light in silicon is wavelength dependent: long wave-
length light penetrates much deeper before being absorbed.

Junction isolation using deep boron diffusions el ectrically separatesindividual photodiodes (see
Fig. 1). Thetop surface between different channelsis covered with metal in order to shield from
stray light.

Limiting factorsin the opto-electrical conversion in aphotodiode are the size and uniformity of
the effective sensing areaand dark current. Dark current isthe current that flowsin aphotodiode
when thereisno optical radiation incident on the photodiode. Compensation techniques are usu-

ally employed to minimize this effect. Asthe dark current is temperature dependent, one meas-



urement at the beginning of the experiment is usually not sufficient. A dark-current-
compensation channel isimplemented using a photodiode completely covered with metal.

The dominant noise source in aphotodiode is shot noise [13]. Another form of noiseisthe fixed
pattern noise. It is defined as the photoresponse variation between adjacent photodiodes. The
fixed pattern noise is controlled by the size of the photodiode relative to the minimum litho-
graphic feature size. As the dimensions of the photodiodes (1 mm2) are relatively large, this
noise is negligible[14], less than 1% in our case.

The cross-talk resulting from photon-produced minority-carrier diffusionisaproblemin optical
detection with more than one channel. The carriers generated outside the junction depletion lay-
er may diffuse to a neighbouring photodiode and thus introduce an undesired current compo-
nent. In certain silicon processes the diffusion length of such carriers can be up to 100 nm [15].
So, thisminority-carrier diffusion causes cross-talk in aclosely-spaced photodiode array. More-
over, the problem cannot be resolved by a light shield, because the carriers are primarily pro-
duced under a photodiode. The solution is to form a deep p-diffusion that contacts the
p-substrate and is connected to ground potential (junction isolation). In this way the photocur-
rent in adiodeis contributed to only by the photocarriers generated in or near the depl etion layer
between the p-diffusion and the n-diffusion regions. Minority carriers generated above or below
the n-diffusion/p-substrate junction or diffusing from neighbouring photodiodes, will be swept

away from the n-diffusion region by the junction field, or be bypassed to the power supply.

1. DEVICE FABRICATION

The photodiode array was fabricated using a bipolar process in silicon [16]. The Fabry-Perot
etalons were added in a post-process module. The post-process module, which was used to fab-
ricate the 16 etalons, each with adifferent thickness, requiresfurther explanation. Theformation

of the Fabry-Perot etalon starts with the deposition of a20 nm Al layer after completion of the



bipolar process (including metallization and thinning of the oxide above the photodiodes). The
oxide passivation layer on top of the photodetector (between the Fabry-Perot etalon and Si sub-
strate surface) is thinned to reduce its influence on the spectral response. The thin Al layer is
evaporated and patterned using lift-off. Subsequently, a PECVD oxide layer is deposited with
athickness equal to the maximum cavity length (300 nm in this example). The thickness of the
PECVD silicon dioxidelayer, which isenclosed between two semi-transparent metallic mirrors,
determines the wavel ength for tuning. In N subsequent plasma etching steps (for which different
photoresist masks are used), theiinitially deposited PECV D oxide layer is thinned that 2N chan-
nels are formed, each with a different resonance cavity length. An example with four masks for
a4x4 array-type microspectrometer is shown in Fig. 6. After the deposition of the silicon diox-
ide, each mask used hasadifferent etching time (T, T/2, T/4, T/8). A relative thickness uniform-
ity better than 2 nm was achieved between cavity lengths. A silver layer is deposited at the very
end of the fabrication sequence and patterned using lift-off. Fig. 7 presents a complete descrip-
tion of the bipolar post-processing fabrication sequence. Fig. 8 shows a SEM photograph pre-
senting the cross section of one of the channels. Fig. 9 shows a photograph of the fabricated

device with overall dimensions of 4.7 x 4.7 mm?.

V. EXPERIMENTAL RESULTS

The electrical characteristics and spectral responsivity were measured using an HP4142B DC
Source/Monitor (full-scale range from 102> A to 1 A and a resolution of 1013 A). A 100 W
quartz tungsten halogen lamp with a monochromator TRIAX-180 (1200 g/mm grating with a
spectral dispersion of 3.6 nm/mm and a spectral resolution of 0.3 nm at 546 nm), was used as
light source. A collimator lens was used to image the light on the entrance dlit. At the exit dlit,
a pinhole and a focusing lens were used to achieve a beam with a diameter of about 400 nm.

The monochromator, optical hardware and the microspectrometer were assembled and aligned



on an optical table.Without focusing lens, the output beam coming from the monochromator il-
luminates the compl ete etalons array. Using the pinhole, focusing lens and controlling the dis-
tance to the microspectrometer it is possible to illuminate only one etalon. A translation mount
was used for exact positioning of the microspectrometer in the vertical, horizontal and depth
planes in order to scan all etalons. The measurements were calibrated with a commercialy
available photodiode, Hamamatsu S1336-5BQ.

System operation is demonstrated in alimited range using a 16-channel micro-spectrometer de-
signed for operation in the spectral range between 400 to 500 nm with inter-channel shift of
about 6 nm. Each of the channels consists of a20 nm-Al / SiO, / 45 nm-Ag layer stack, where
the oxide layer thickness changes between 225 nm and 300 nm with 5 nm steps.

Optical spectral measurements in reflectance (using an external detector, Leica Microscope
Photometer System) show that each of the channels is sensitive to only one narrow spectral
band. Independent measurements were performed on a cavity of thickness 1000 nm. These re-
sults indicate a FWHM of 6 nm and afinesse of 12 (see Fig. 10).

Subsequently, measurements were performed on the device with integrated photodiodes. A dark
current of 0.2 pA a0V and 1 pA at -4 V (seetable 1) was measured for a square photodiode
with an active area of 1 mm?. The photocurrent measured in anormal channel at the same con-
ditionsis 10 MA@-4 V. The dark current directly limitsthe Signal Noise Ratio (SNR takesinto
account the noise due to: photon, photoel ectron and gain). The photocurrent, at a given source
spectral power, is the result of a trade-off between sensitivity, selectivity, and the number of
channels used. Anincreased Ag-layer thickness improves selectivity but causes higher absorp-
tion losses and low sensitivity and thus decreases SNR. The presence of the Fabry-Perot filter
limits the light transmitted to the underlying photodiode to less than 15% of the incident light.
Atomic force microscope (AFM) was employed to examine the surface morphology of the re-

alized Fabry-Perot structures. The RM S roughness of the surface mirror in the array-type micro-



spectrometer istypically 15 nm (see Fig. 11). A possible explanation for the high value can be
the back etching applied to the PECVD oxide in order to define the cavity gap.

Fig. 12 presents the spectral responsivity (A/W) between 400 nm to 800 nm for all 16 channels
using on-chip photodiodes. The ratio between the base line and the peak maximum ranges from
4to 7. Therelatively high stray light, beam divergence and the roughness surface are responsi-
blefor the background signal. Stray-light compensation methods must be used in order to com-
pensate for the non-idealities of both the incident light beam and the Fabry-Perot etalon.

A solution to this problem is to use a compensation structure. It consists of the same layer stack
as used in any of the active channels. The difference is that the optical length of the cavity is
decreased below | /10 (<40 nm if applied for measurements in the visible spectral range). This
excludes any resonance inside the cavity. However, the parasitic signal caused by stray-light
transmittance is similar to that of the active channel and can be used for compensation. Photo-
diodes areintegrated underneath both the active and the compensating device and after subtrac-
tion of the photocurrents a compensated signal results. It should be mentioned that the
conventionally used dark current compensation (an opague layer deposited on top of a photo-
detector) compensates only for the non-idealities (dark current) of the detector itself. Thismeth-
od, in contrary, compensates for the non-idealities of detector, Fabry-Perot filter and incident
light beam at the sametime. After photocurrent subtraction, the average background signal level
is decreased by afactor of 10 and, as a consequence, the spectral selectivity of the deviceisin-

creased.

V. CONCLUSIONS

A single-chip spectrometer, using Fabry-Perot resonance cavities on a distributed photodetec-
torsarray, was fabricated and characterized (see Table 1). The advantage of the device present-

edisthat it can easily be tuned during fabrication to cover different spectral bands, by adjusting



the etching time only, without affecting the device layout. Such a device is extremely suitable
for applications in microsystems, because of its small size, high spectral selectivity, and low
cost. Microspectrometersfor the UV and IR are a so feasible with thistechnique using dielectric
mirrors.

The performance of the array-type microspectrometer presented is compared with that of a
low-cost spectrometer [17] and with a commercialy available spectrometer, (Spectronic 20)
[18] (see Table 2). Both spectrometers are based on a grating element and use a CCD detector.
The free spectral range in the array-type deviceis limited by the low quantum efficiency of the
photodiodes at low wavelengths. The high resolution in Fabry-Perot based spectrometersis ob-
tained for high interference orders. In our case a resolution of 222 is achieved in fourth mode
(four peaks obtained). But for asingle peak, first mode, areasonable resolution of 25 was meas-
ured.

The technique used for fabrication of the Fabry-Perot etalons alows, for simple expansion of
the number of channels to 64 or 128, to increase the operation range in the visible part of the
spectrum and to 512 or 1024 in order to cover awide rangeinclusive ultraviolet and far infrared.
The minimum value reproducible and controllable in the difference at the SIO, film thickness
between two different channelsis 2 nm using the Reactive lon Etching (RIE) processto etch the
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Fig. 1. Schematic structure of the microspectrometer. Oneindividual channel isshown in cross
section.

Fig. 2. A 4x4 array microspectrometer in perspective. Each of the Fabry-Perot cavitiesistuned
to transmit in different spectral band.

Fig. 3: Reflectance of Ag, Au and Al as afunction of radiation wavelength [10].
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Fig. 5. Simulated transmittance vs. wavelengths for 60 nm Ag/ 1000 nm SiO,/ 60 nm Al layer
stack. Fourth mode of operation (four peaks achieved). The different values of transmittance de-
pends on the optical properties of the materials used.
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Fig. 6: Principle used for fabricating a4x4 array microspectrometer. After the deposition of the
silicon dioxide, each mask is used with adifferent etch time. In this example the first mask will
etch one half of whole thickness, the second one fourth, etc.
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stack.

Fig. 11: AFM surface scan of a45 nm Ag /300 nm PECV D oxide/20 nm Al/250 thermal-oxide
layer stack (array-type device mirror surface).
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Tables:

Tablel Electrical and optical characteristics

Feature Result

Technology Bipolar

Device area 4.7 x 4.7 mm?

FWHM 16 nm

@t5i02=300 nm

Finesse Single peak

@t5i02=300 nm

FWHM (simulated) 1.8nm

@60 nm Ag mirrors

@tgiop=1 M

Finesse (simulated) 40

@60 nm Ag mirrors

@t5i02=1 mm

Dark current@ 0V 0.2 pA

Dark current@ -4V | 1 pA

Spectral response 0.013 A/W@388 nm

maximum @-4V

Incident anglerange | +10°

Table2  Array-type spectrometers performance comparison.

F\(/:]/:]—Iq)l\ﬂ (Fn?nR; Ai%%?cy Resolution Déﬁzr;¥e
(howory | 18 | 00w | B | oo | FPedon
S;g‘é”t'r‘.’[of;] 9.1@632.8 | 450-750 255 69.8 Grating
Sg%CFl%TC 20 340-950 +25 @35765nm Grating

*First mode operation (single-peak). ** Fourth mode operation (four peaks) and R=l /FWHM.
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