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Abstract—A single-chip CMOS optical microspectrometer con-  Array of non-tunable
taining an array of 16 addressable Fabry—Perot (F—P) etalons (each  Fabry-Perot cavities
one with different resonance cavity length), photodetectors, and
circuits for readout, multiplexing, and driving a serial bus inter-
face has been fabricated in a standard 1.¢sm CMOS technology
(chip area 3.9 x 4.2 mm?). The result is a chip that can operate
using only four external connections (includingVyq and V;,) cov-
ering the optical range of 380-500 nm with FWHM= 18 nm. Fre-
guency output and serial bus interface allow easy multisensor, mul-
tichip interfacing using a microcontroller or a personal computer. Photodiodes, readout
Also, stray-light compensation techniques are implemented. Power circuits and A/D conversion
consumption is 1250uW at a clock frequency of 1 MHz.

Local
sensor bus

. . Fig. 1. Schematic diagram of a single-chip optical microsystem based on an
Index Terms—Fabry—Perot etalon, internal/external bus inter-  array-type spectrometer of F—P etalons integrated with photodiodes underneath
face, light-to-frequency converter, on-chip optical microspectrom-  the 16 etalons, readout electronics, and the bus interface.
eter, visible light.

Il. SINGLE-CHIP CMOS MICROSPECTROMETER

I. INTRODUCTION A. Array-Type Microspectrometer

UMEROUS applications, e.g., systems for chemical anal- The single-chip CMOS microspectrometer uses fixed-cavity

ysis by optical absorption and emission control of gas out-_p etalons with optical quality and long-term stability much
|etS, will benefit from the avallablllty of low-cost Single-Chiphigher than tunable devices [1], [2] An array of detectors is
SpeCtrometerS. Miniaturized Spectrometel’s will Offer Signiﬁcalﬁbeded to cover a |arge Optica' Spectra' range with h|gh resolu-
advantages over existing instruments, including size reductigign. Therefore, the single-chip microspectrometer contains an

low cost, fast data'achiSition, and hlgh-rellablllty Pl’eViOUSerray of 16 addressable F—P etalons with the respective photode_
developed microspectrometers, fabricated using bulk or surfagetor underneath each of these (see Fig. 1).

micromachining, contain movable parts to perform wavelength
tuning [1], [2]. As the result, these are less reliable and suitati®e Fabry—Perot Etalon

only for operation in a limited spectral band (mostly near-IR) A r_p etalon (schematically shown in Fig. 2) consists of a

[3], [4]. Moreover, high-voltage electrostatic actuation is N€Gsertically integrated structure composed of two mirrors sepa-
essary for resonance cavity tuning. Also, research on tunaplg.q by an air gap or a thin film. Such a structure is known in
vertical-cavity surface-emitting lasers (VCSEL) is promising gyyics to cause interference between transmitted an internally
new generation of devices using Il-IV compounds [5]. In thigected light, resulting in a spectral peaking of the transmis-
paper, a fully integrated array-type single-chip microspectrongiy, 4t particular wavelengths. The dependence of the transmis-
eter in CMOS technology with a light-frequency converter ang,n neaks on the gap width between the mirrors has resulted in
a bus interface is presented. Although the focus of this papeyis term “optical resonance cavity.” In the device presented here
on the detector array with the Fabry—Perot (F-P) filter fabricg,, mirrors are at a fixed position, thus the optical properties
tion and on-chip integrated readout circuits, the optical aspegl$, yontunable. In an earlier realization one of the mirrors was
and a technique for stray-light compensation are also discussggknended using a micromachined structure and could be to de-

flected vertically using electrostatic actuation to enable wave-
length tuning. The equation in Fig. 2 describes the F—P prin-

. . , _ ciple: d is the distance between the two mirrogsis the reso-
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incident light 2dn=q\ array of square photodiodes with an active areasf x 500
pm? each. A typical dark current of 30 fA (12 pA/@dnwas
measured with both junctions reverse-biased at 5 V in parallel.
fixed mirror Crosstalk reduction techniques are implemented so that the
S S R S S e e operating current comes only from the photocarriers generated
d \/\/\/\N\/\ Si02 etalon in or near the depletion layer between the p-diffusion/n-well

junction. The utilization of the three-layer photodiode is an ef-

\\\\\\\ﬁxed mirror fective approach to improve photodiode performance.
D. Readout Electronics

high-reflectivity mirrors
high-flatness and stability
parallelism between the mirrors

The current-to-frequency conversion method can adequately
cover the very large dynamic range of the silicon photodiodes.
On-chip integration is essential to limit the influence of para-

Fig. 2. F—P etalon description and requirements. sitic capacitances, leakage currents, and external noise pick-up
and also provides properly matched components. Moreover, it
enables the fabrication of array-type of detectors without a large

SP layer i .
Y Ag PECVD oxide number of external connections.
Ground Al Read-out Low-noise read-out of photodiodes [6] has been imple-
electrode electrode mented to cover a POdynamic range of light intensity level.

The photocurrent-to-frequency circuits developed feature a
dynamic range of sensitivity that is comparable to that of more
complex analog circuits commercially available [7].
Fig. 4 shows the block diagram of the read-out circuit. Oper-
g ; ation is based on a charge balancing technique, the voltage over
P epilayer the photodetector continuously varies from the reference level
Vqq to the threshold voltag¥;,, of the comparator. The sensi-
tivity of the current-to-frequency conversion is linear and can
be calculated a8 = f,/ I, = 1/(2AQ). With AQ, the vari-
Fig. 3. CMOS F-P etalon with the photodiode underneath: a cross sectiorﬁ{:]ocr:ig:] t::p;ti;gniggrgfsj];hsgxg élljor:;:s()?ﬁedtgfaﬁrrgﬁ Et(())-r:‘rgle
) ) - _quency conversion factor is given by the product%, the
and low absorption). These requirements are difficult to s""t'sggﬁectral responsivity of the photodiode and the transmittance of
in a movable device. the F—P filter. This results in a current-to-frequency conversion
CMOS post-processing consists of depositing an Alb%#Q  tactor of the circuitS;; = f£,/Ln = 1/2AQ = 1.02 x 10°
layer stack on top of each photodiode after the CMOS procgssy, A,
has been completed (integrated-circuit fabrication). This stackomy one photodiode can be connected to the comparator at
functions as a tuned F—P resonance cavity. Compatibility withyasjme using multiplexes;—Sy. At a voltageV; lower than
CMOS process is required, also the photodiode should be falyfi-, the comparator output remains at a high logic level and,
cated in a CMOS process. Fig. 3 shows the F-P etalon structyfg, synchronization with the clock, closes swiff, which

P substrate

plus the photodiode. forces the photodiodes to be quickly charged during one clock
) period toV,4. When this switch opens again, the photocurrent
C. The Photodiodes discharges the junction capacitar@g andC;,, until the com-

Each F-P etalon has an associated CMOS photodetector. fagator detects; < Vi, which causes the cycle to repeat. The
photodetectors have been realized in a conventional.th6- flip—flop chain divides the signal by two, resulting in a symmet-
n-well CMOS process. In an n-well CMOS process, thredcal output signal that can be transferred to the bus via a buffer.
different types of photodiodes and one vertical phototransistorBasically, the photodiode readout circuit can be considered
are available. The three different photodiodes result from tladfirst-order (or relaxation) oscillator circuit and, since the cir-
n-well/p-substrate junction, the n-well/p-diffusion, and theuit has only one pole (or frequency controlling element), it can
p-substrate/n-diffusion junction. The device used for photodiee tuned over a very wide range [8]. The charge generated by
tection is the vertical pnp phototransistor (Fig. 3), with ththe photoelectric effect directly modulates the charge in the in-
deep junction formed by the p-epilayer and the n-well, artdgrating junction capacitance, thereby modulating the output
the shallow junction formed by the n-well and & mplanted frequency.
layer that is normally used for the drain/source contacts (sp).The charging switctb,,, is based on a complementary pair
Both junctions are connected in parallel and operate at revevgéh equal-size PMOS and NMOS transistors to minimize ca-
bias. The upper junction contributes little to the generatgrhcitive charge injection at high oscillation frequencies. The
photocurrent, especially at long wavelengths. Because of dsrrents in the multiplexer switches —Sy are sufficiently low
large capacitance per area, this junction is mainly used forallow a relatively high channel “on” resistance. The leakage
photocurrent integration. The sensors are arrangeddirkad  current in the “off” state should be neglected compared to the
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Fig. 5. Block diagram of the bus interface.
dark current of the diode. The channel of these MOS transis- TABLE |
tors has a W/L of 2um/16 um. The input signals of the com- COMPARATOR SPECIFICATIONS
parator can range from 1.3 V to the positive power supply rail Tnput voltage range 3-5V
Vaa. The bias current of the input stages makes it possible to Input offset (typical) 1.5mV
set a speed/power consumption tradeoff. Table | summarizes the Max. Frequency [MHz] 4
measured specifications of the comparator. Propagation delay @ Iy, = 20 pA 100 ns
Propagation delay @ Iyiss = 200 pA 60 ns
E. Bus Interface Power consumption @ Ipiss = 20 pA 400 pW
Output rise and fall time 30 ns

The upgraded version of the integrated smart sensor (ISS) bus
interface [9] is based on a single controller to coordinate the
activity on the bus and is characterized by the following: 2) calibration facilities;

1) a maskable interrupt mechanism; 3) small size;
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4) low power consumption (which makes it very suitable for

integration with optical sensors).

Apart from simplicity, the improved ISS bus interface has two
convenient features, which makes it very suitable for an optical
microsystem. First, analog data can be transferred over the bus.
Data generated by a sensor with limited signal-processing ca-
pability are analog usually, so this requirement is necessary, but
not present in the usual standard interfaces, which are desig-
nated to interconnect only digital subsystems. Second, the use
of the Manchester encoding scheme for transmission of the data
at the logical level adds further flexibility. In such a scheme, the
clock is embedded into the data allowing four logical levels in-
stead of two.

The physical structure consists of two wires: a data line and
a clock line, both open drain driven. The data line allows half-
duplex communication between the modules connected to the
bus. In order to increase flexibility, we added a second data line
to be used only in case of duplex transmission (e.g., in case of
on-line sensor calibration or a testing procedure).

In case of the embedded systems, particularly for instrumen-
tation systems, sensor modules should also be able to signal an-
nounce to the controller when data is available, or more gener-
ally, when some particular event has happened. In the realized
interface, this flexibility is obtained by adding an interrupt re-
quest and a service request protocol.

An interrupt request message, if it is not disabled by the con-
figuration used for that particular module, can be sent over the
bus at any moment, even if the controller is in the middle of
another conversation. A service request on the other hand, is al-
lowed only if the bus is in the idle state. All messages excluding
the request messages are initiated by the controller. The inter-
face bus is composed of a number of synchronous blocks. Es-
pecially those that are pipelined have a significant portion of
the total power dissipated by the clock (responsible for 50% of
the total power dissipated) [10], [11]. Waste of power due to
the clocking of blocks which are idle for a significant period of
time in normal or standby modes must be avoided. To manage
the power consumption, we implemented two modes:

1) Selective shut-down of different blocks based on the level
of activity required to run a particular application. Dif-
ferent blocks of the chip may be idle for a certain period
of time when different applications are running (this hap-
pens with the service and interrupt request blocks).

2) An idle mode for reducing power dissipation in the
standby mode. Wake up is initiated only at the start of
frame to enable verification of the address.

Fig. 5 shows the block diagram of the bus interface. A third
bus line functions as the frequency output of the light-to-fre-

2nd metal

1st metal

. Plsubstrate .

(a) Completed CMOS process.

(c) Deposition of lower aluminum mirror through lift-off.

PECVD oxide

. UAl silver ’ //;}; |
PECVD oxide -

irr

(£) Deposition of upper Ag mirror through lift-off
(not included in the standard processing line).

guency converted signal (the simplest version of the bus intefg. 6. CMOS post-processing fabrication sequence.

face uses only the clock line and data line). Also, the use of a
different clock signal for the light-frequency conversion inste

of the clock signal of the bus (SCL line) is allowed.

I1l. DEVICE FABRICATION

a8MOS process. After completion of the standard CMOS
process, except for the last silicon nitride deposition step for
scratch protection, a postprocessing module was used to build
the F—P etalons on top of the photodetectors. This etalon
consists of a thin-film stack (silver/PECVD oxide/aluminum).

The electronic circuits and photodetectors were realized irF&g. 6 presents a complete description of all CMOS postpro-

conventional double-metal, single-polysilicon 1.6t n-well

cessing sequence steps.
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The photodetector was formed in the n-well with the p-epi- |  — .
layer by means of shallow boron implantation. Since the oxide | | ..
layer on top of the photodiode is rather thick just after the CMOS
process, this oxide layer was thinned to 50 nm to minimize the
effect of the oxide layer on the transmittance.

The formation of the F—P etalon starts with the deposition
of a 20-nm Al layer after completion of the CMOS process (iq:—ig. 11.
cluding metallization and thinning of the oxide above the photo-

diodes). The oxide passivation layer on top of the photodetector ) . .
(between the F—P etalon and Si substrate surface) is thinned48t compensation diode, a metal-covered diode (for dark-cur-

reduce its influence on the spectral response. The thin Al layef @t compensation), a reference circuit, a reference capacitor,

evaporated and patterned using lift-off. Subsequently, a PEC\#3d @ comparator. The lower part holds the bus interface, the

oxide layer is deposited with a thickness equal to the maximJRltiplexer, and some other digital circuits. Only four external

cavity length. The thickness of the PECVD silicon dioxide layefonnections to the chip are strictly needed:

which is enclosed in between two semi-transparent metallic mir- 1) Vaa(+5 V);

rors, determines the wavelength for tuning. Nnsubsequent ~ 2) ground;

plasma etching steps (for which different photoresist masks are3) the clock input SCL;

used), the initially deposited PECVD oxide layer is thinned that 4) and the bidirectional dataline (SDL) (since this line can

2N channels are formed, each with a different resonance cavity —also be used for transmission of the frequency output).

length. The other pads are the chip address pins and pins for testing
A microphotograph of the completed chip is shown in Fig. hurposes. The two grounds (analog ground and digital ground)

The die measures2 mm x 3.9 mm. The analog circuits can beand the two supplies (analog supply and digital supply) are sep-

seen in the upper part: a sensor array, analog switches, a steagted on the layout design avoiding digital interference.

Diode address #0
Output frequency FP etalon #1

Chip address #0

Oscilloscope plot of the bus signals for a low light level.
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Fig. 12. Spectral responsivity of the 16-channel micro-spectrometer for a 45-nm A¢28i0m Al layer stack. The SiQOlayer thickness is used as a parameter
and changes from 225 nm to 300 nm in 5-nm increments.
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IV. EXPERIMENTAL RESULTS

A. Single-Chip CMOS Microspectrometer .
mirror
A particular etalon is addressed via an ISS bus interface by

a conventional 8-bit microcontroller. A standard internal data-
acquisition PC card can be also used for this purpose. A typical d
addressing sequence transmitted serially over the data bus has
beenrecorded and is shown in Fig. 8. The frame transmitted was only a narrow band
composed of a start bit, four bits for the device address and four around the resonance
more bits related to the internal sensor configuration. A network wavelength is transmitted
with three bus interfaces was implemented and the request block
was successfully tested.

A typical service-request sequence transmitted serially over
the data bus has been recorded and is shown in Fig. 9. When
clock and data lines are idle, the sensor demands a service re-
quest by lowering the data line, and in reply the master issues a '
request for the address sensor. 2d  wavelength

The bus interface frames use eight bits for addressing. T'ple_
four most significant bits are used for addressing the chip, so
up to 16 chips can be addressed. The four least significant bits ] ] . .
are used to select one of the 16 photodiodes. After selectiiem Fig. 2 with PECVD oxide as the cacvity material
the corresponding sensor places its output frequency over h&6)- These are basically due to the different metals used and
data asynchronous bus line. This sequence can be seen fronffigdifferent thickness of the frontand back mirror (45-nm silver
oscilloscope plots of Figs. 10 and 11. at the frontside and_20-nm aluminum at the bacl_<5|de). The ratio

The electrical characteristics and spectral responsivity wetgfween the base line value and the peak maximum ranges be-
measured using an HP4142B dc source/monitor (fu”_scg}@een4and 7. The relatively high stray—llght, beam divergence,
range from 10> A to 1 A and a resolution of 1013 A). A a.nd the roughness surface are responsible for the background
100 W quartz tungsten halogen lamp with a monochromatsgnal-

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 nnfj; Stray-Light Compensation Techniques

was used as light source. A collimator lens was used to imageA method for significantly improving the performance of the
the light on the entrance slit. At the exit slit, a pinhole and B—P etalons in terms of spectral selectivity and/or requirements
focusing lens were used to achieve a beam with a diameter the input light beam conditioning must be implemented.
of about 400:m. The measurements were calibrated with When an ideal plane-wave of normal incidence interacts with
commercially available photodiode, Hamamatsu S1336-5BQan ideal F—P resonance cavity, only a narrow spectral band

Fig. 12 presents the spectral responsivity (A/W) between 480ound the resonance wavelength is transmitted (see Fig. 13).
nm and 800 nm for all 16 channels using on-chip photodiodd4owever, any imperfection of the incident light wave (com-
These results are somewhat different from what can be expegbedients with nonnormal incidence, stray-light) and the F-P

multiple reflections
cause resonance
for A =2d

mirror

transmittance

Interaction of an ideal light beam with an ideal F—P optical filter.
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TABLE I
SINGLE-CHIP OPTICAL MICROSPECTROMETERTEST RESULTS
Condition Test result

Operating voltage - 5V

Power dissipation @ IMHz Clk=1MHz 1250 uW

Power dissipation @ 100MHz Clk = 100 MHz 700 uW

Max. clock frequency -~ 6 MHz

Dark frequency 25°C 0.05 Hz

Free spectral range -- 380 - 500 nm

FWHM -- 18 nm

Responsivity (no FP etalon) A =480 nm 0.18 A/W

Sensitivity (no FP etalon) [7] _ kHz/Wm2

ref. TLS230 from Texas Instruments A =670 nm L1 m

non-ideal light beam 14
stray light contains components of active channel
; 71\ non-normal incidence 12
mirror | )

’ ] . g 10 i parasitics measured by
non-ideal mirrors have 8 \ the compensation channel
rough surfaces £

))1 causing light scattering - 6
mirror w 4Fr
light is ‘leaking’ 5 9
in the entire o [~ +—after compensation
resonance spectrum band @ 0 A A ) | | i
\ 400 450 500 550 600 650 700 750
[
= wavelength [nm]
£
2 Fig. 16. Measured spectral response of both the active and compensating
© channel; when subtracted, the parasitic signal decreases by about a factor 10.

L In this method, no optics was required for the light beam conditioning.
2d wavelength

Fig. 14. Nonidealities of the incident light beam and the F—P structure itséi1Y resonance inside the cavity. However, the parasitic signal

causes a large background light level in the entire spectrum band. caused by stray-light transmittance is similar to that of the ac-
tive channel and can be used for compensation. Photodiodes are
stray light H ight beam integrated underneath both the active and the compensating de-
mirror vice and after subtraction of the photocurrents a compensated
d<k T3 ; F; signal results. It should be m_entioned that the conventio_nally
10 » used dark current compensation (an opaque layer deposited on
mirror top of a photodetector) compensates only for the nonidealities
closely spaced mirrors gigm is "‘i.aki"g' (dark current) of the detector itself. This method, in contrary,
;"s‘i’:j”ed&seagayvir;s""ance spestrum band compensates for the nonidealities of detector, F—P filter and in-
cident light beam at the same time.
§ If the impinging light beam has a uniform spatial distribu-
£ tion, one compensation channel for all active channels suffices.
5 Fig. 16 shows the typical measured spectral response of both
8 an active and a compensation channel. After photocurrent sub-

wavelength traction, the average background signal level is decreased by a
factor of 10 and, as a consequence, the spectral selectivity of
the device is increased [13]. When the overall contribution of
the background component to the output signal (integral of the
otocurrent over the entire measured spectral band) is consid-
&4, the significance of the method presented for application in
-chip spectrometers is even more obvious.

Fig. 15. Cross section of the compensation structure and its principle.

etalon itself (pinholes, scattering at the rough mirror surface
causes increased transmittance outside the narrow reson
band to which the F—P etalon is tuned, as is shown in Fig. ]0
This results in an increased parasitic background signal.

A solution to this problem is to use a compensation structure,
as shown in Fig. 15. It consists of the same layer stack as used
in any of the active channels. The difference is that the opticalA single-chip CMOS optical microspectrometer containing
length of the cavity is decreased bela#10 (<40 nm if applied an array of 16 addressable F—P etalons (each with a different
for measurements in the visible spectral range). This excludesonance cavity length), photodetectors and circuits for

V. CONCLUSIONS
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readout, multiplexing, and driving a serial bus interface wag10] A.Chandrakasan, S. Cheng, and R. Brodersen, “Low-power CMOS dig-

. . . . . 1992.
five external connections (includingfaq and V5;) or in the [11] J. Ko, P. T. Balsara, and W. Lee, “A self-timed method to minimize

simplest version with only four external connections (the data  spurious transitions in low power CMOS circuits,”IBEE Symp. Low
line will be also used for output frequency line) covering the _ Power Electronics, Tech. DigOct. 1994, pp. 62-63.

. .. . 12] A. Chandrakasan and R. Brodersémw-Power Digital CMOS De-
optical visible range. The array-type microspectrometer can b sign  Norwell, MA: Kluwer, 1995. e 9

glued on an active silicon platform using multi-chip-module[13] M. Bartek, J. H. Correia, S. H. Kong, and R. F. Wolffenbuttel, “Stray-

(MCM) techniques. This configuration allow more than one light compensation in thin-film Fabry—Perot optical filters: Application

. . . to an on-chip spectrometer,” Proc. TransducersSendai, Japan, 1999,
microspectrometer glued on the platform (until 16, according 240_245’_ P P

to the four bits to address) increasing the spectral range. The
advantage of the device presented is that it can easily be
tuned during fabrication to cover different spectral bands, by

et ; ; ; ; i ~gpse Higino Correia(S'96—-M'99) received the B.S.E.E. degree in physical en-
adjusting the etching time only, without affecting the deVICéo eering from the University of Coimbra, Portuga, in 1990, and the Ph.D. de-

: . . . in
layout. Stray-light compensation techniques improved t@%e from the Delft University of Technology, Delft, The Netherlands, in 1999.
spectral selectivity of the F—P etalons. Power consumption isSince May 1999, he has been Auxiliary Professor in the Department of In-

1250.:W for a clock frequency of 1 MHz (see Table ”) dustrial Electronics, the University of Minho, Portugal, where he is involved in
H ' the development of optical microsystems for biomedical applications.
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