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ABSTRACT
A monolithic, chip-based spectrometer based on the novel concept of a series of electrically addressable high-Q
resonators coupled to a ridge waveguide is presented. A discrete monolithic InP-based spectrometer chip has been
designed to detect wavelengths spanning a 10nm range in the near-infrared region functioning as a sensor. This
spectrometer approach has a number of advantages over traditional spectrometers. As well as being solid state and
having no moving parts, the co-location of wavelength dispersion and detection offers advantageous spectral
performance in a compact chip form. Optimization of resonator size and composition to detect wavelengths across the
spectral range of interest will be discussed together with preliminary experimental results.
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1. INTRODUCTION
This paper describes a new-type of spectrometer based on a series of electrically addressable high-Q resonators coupled
to a ridge waveguide. The resonators serve both the functions typically performed by a diffraction grating and a detector
in a standard grating based spectrometer 1,2,3,4,5,6. This design differs significantly from MEMS-based spectrophotometers
in that there are no moving parts (not even electro-mechanical components) and only a single component. Incoming light
is dispersed and detected in an integral solid-state optical component.
Diode Integrated Spectrometer Chip (DISC) concept
Conventional spectroscopic systems can be classified in two categories; (a) dispersive systems and (b) interferometric
(FTIR) systems. In both cases the basic system consists of a mechanism by which the light is dispersed (either spectrally
or temporally) with a grating or linear drive mechanism, plus a detection element (usually a semiconductor based
photodetector or photo- multiplier tube). Thus, such systems consist of a minimum of two parts. In practice such systems
require multiple additional optical elements such as lenses, mirrors, shutters, slits and optical choppers in order for the
spectrophotometer to function efficiently making them complex instruments which are hard and/or expensive to
manufacture and align. These systems often contain mechanical grating monochromators to disperse the light, slits,
baffles and photodetectors, lenses mirrors and shutters which all have to be correctly aligned for the spectrophotometer to
function properly. These systems are prone to malfunction due to the complexity and large number of parts, can have
relatively slow acquisition times, are expensive to produce and have problems associated with stray light.
Furthermore, each additional component introduced into an optical system creates a loss of photons and so reduces
signal intensity. This problem is compounded when there is large spatial separation between the components of the
spectrophotometer which comprise the light dispersion and light detection components (optical path).
This paper describes an entirely new type of spectrometer, which unlike grating based or FTIR spectroscopy, uses a
single component to perform both the wavelength separation and detection functions. Because of its simplicity, this type
of spectroscopy, which we refer to as ‘Solo spectroscopy’, can be made using an epitaxial approach and electron beam
(E-Beam) processing making mass manufacture simple and inexpensive.
The principle behind the Solo spectroscopy concept relates to that of an add-drop multiplexer as used in all-optical
switching7 but with the key difference that the resonators are active and deliberately lossy rather than passive low loss
components. The approach consists of a series of electrically addressable high-Q circular resonators strongly coupled to
a ridge waveguide. The wavelength selectivity arises from the composition and diameter of the circular resonators.
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Incident broadband light travels down the ridge waveguide and wavelengths resonant with the high-Q circular resonators
couple from the ridge into the resonators. Thus, each resonator selectively couples a part of the incoming light,
effectively selecting different wavelengths (Figure 1). The electric field distribution of the light (the optical field
distribution) is typically Gaussian in profile decaying laterally and symmetrically across the chip. The semiconductor
material forming the resonators is chosen so that it absorbs light over the wavelength range of interest generating photoexcited carriers. The resonators themselves are p-i-n junction diodes allowing photo-generated carriers to be swept out of
the resonators. When connected to an external circuit via the electrical contacts this forms a current which is
proportional to the amount of light present in the resonator at the resonant wavelength. Consequently each resonator acts
as a detector sensitive to a specific wavelength and when the signals from each detector are analyzed in an appropriate
circuit, a measurement of the spectrum of the light may be obtained.

Figure 1. (a) Example of the spectrometer concept for three resonators coupled to a ridge waveguide. (b) shows how
monochromatic light travelling down a ridge waveguide selectively couples into one of three resonators (on right
hand side).

As discussed above, disk or ring resonators are well known (see, for example the review of Vahala)8, but are usually
used for telecoms applications to add or remove specific wavelengths from an optical fiber or a tunable optical filter9,10.
Xia et al11 describe the use of a series of resonators on silicon on insulator (SOI) that disperse light and direct them
towards separate detectors, but to the best of our knowledge no-one has used a combination of disk resonators to both
separate and detect the light.
The wavelength range of the Solo Spectroscopy chip can be tailored through judicious use of different semiconductor
alloys. Whilst the approach may also be utilized with silicon, direct band gap III-V semiconductors are more optically
active and may be used to cover a larger wavelength range. Typical materials include GaN-based alloys for short
wavelength spectroscopy, GaAs(P) alloys for the visible range, and InP, GaAs or GaSb-based alloys for the near- and
mid-infrared.
This paper describes the design and production of an initial prototype chip. The initial prototype was designed to operate
over a 10nm region from 1600nm to 1610nm. This region was chosen principally because the III-V materials active in
this region (InGaAsP/InP) are well characterized and because this region contains features for the important greenhouse
gas, carbon dioxide (CO2), and so this chip may function as an effective, compact and inexpensive CO2 sensor when
fully optimized.

Solo Spectroscopy Advantages
Traditional spectrometers have a number of problems that are overcome with this design. These include:


Superior Spectral Properties. We predict this spectrophotometer approach would have little loss of input
photons and a high signal to noise ratio as the light does not need to interact with multiple components, and thus
would have an improved signal intensity. It would also be expected to be less susceptible to stray light issues.
The spectrometer will also have a fast acquisition time.



Multiple components. To our knowledge, this is the only optical spectrometer design where the same
component both disperses the light and functions as the detector. In typical grating based, FTIR, plasmonic
filter based12,13 and the new range of MOEMS spectrometers14,15 dispersion is performed by one component
(e.g. a grating, a filter or a vibrating mirror) and detection occurs at a spatially separate distinct component. The
leads to the requirement for slits / baffles and filters to prevent stray light from entering the system, and also
adds to manufacturing complexity. It is often the case that the spectral resolution of a traditional spectrometer
is positively related to the distance between the detector and the monochromator making miniaturization of the
spectrometer difficult without compromising on spectral resolution. This leads to either very large instruments
or instruments with a relatively poor spectral resolution16. Having a large number of parts, all of which have to
be carefully aligned makes manufacture of traditional spectrometers relatively expensive.



No Moving Parts. Traditional grating-based spectrometers use a rotating grating as a monochromator and FTIR
instruments use a rapidly vibrating mirror. A number of the attempts to create chip based spectrometers in the
past using MOEMS technology17,18 also have moving parts that are, due to their small size, prone to stick and
malfunction. The spectrometer described here has no moving parts making it easier to manufacture and more
robust / less prone to failure when deployed.



Footprint. The prototype chip described here has dimensions of ~600µm x 600µm x 100µm and an extremely
low mass which is important for a number of applications.

A comparison of Solo Spectroscopy with other forms of spectroscopy is illustrated in Table 1.

Table 1. Comparison of Solo Spectroscopy to other common forms of spectroscopy

Single component?
High spectral resolution
Low mass (<500grams)?
No moving parts
Low temperature sensitivity
Inexpensive manufacturing
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2. PROTOTYPE CHIP DESIGN
Epitaxial Design

Active
Region

The basic epitaxial structure used is shown in Figure 2 and includes an n-doped indium phosphide (InP) substrate onto
which a waveguide structure is built. Within the n- and p-doped InP junction layers is an active region consisting of latticematched InGaAsP cladding surrounding a quantum well forming the absorbing layer. A quantum well is chosen to ensure
that the waveguide loss is minimized whilst maintaining
sufficient absorption in the resonator where the coupled light
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Absorbing
circulates.
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layer

Upper cladding layer
Lower cladding layer
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Figure 2. Basic Epitaxial structure of chip

To make the chip with a single growth and etching step the
waveguide and the resonators have the same epitaxial
composition and hence the waveguide by necessity contains an
active absorbing region. It is an important aspect of the design
to adjust the thickness and composition of the active layer, so
that losses in the waveguide are minimized without affecting the
electrical characteristics of the resonators or the quality of the
coupling into the resonators.

The structural design was undertaken using commercial photonics packages19,20,21. The thickness and the composition of
the active region was optimized to minimize losses in the waveguide while maximizing the quality factor (Q) of the
resonators and keeping the strain within the quantum well to an acceptable level. A number of active region, cap layer,
cladding layer and absorbing layer compositions and thicknesses were simulated until a structure that produced a single
mode with minimum loss in the waveguide and a good coupling into the resonator was produced. This structure consisted
of a 3nm thick quantum well sandwiched in the middle of a 600nm thick 1.45Q active region and with a 200nm thick cap
and a 750nm thick cladding layer.
The quantum well design was varied to provide a band edge wavelength close to the maximum operating wavelength
(1610nm) in the standard design (1620nm target) and further away in a more conservative design (1650nm target). This
was to (a) account for tolerances in the growth of the quantum well (anticipated 10nm band edge tolerance across the
wafer) and (b) in the conservative case, to ensure that the absorption in the quantum well would be strong.
In both cases the cladding alloy was lattice-matched In(0.631)Ga(0.369)As(0.810)P(0.190).
In a quantum well one can move the band edge wavelength through either varying the thickness of the quantum well or
by changing its composition. It was decided to use composition to change the band edge wavelength for the two designs
so as to maintain a 3nm thick quantum well layer which was found to provide an optimum resonance.
The quantum well compositions were therefore chosen to be In(0.697)Ga(0.303) for the standard (1620nm) design and
In(0.741)Ga(0.059) for the conservative (1650nm) design. In both cases this led to quantum well layers that were strained
relative to the InP substrate (1.1% for the standard design and 1.4% for the conservative design). The overall strainthickness product is within acceptable limits for the material (typically 20nm%) and expected to allow for high quality
material.
The quantum well itself should have minimal effect on the waveguiding due to the fact that it is such a thin layer. However,
resonance modeling was undertaken to consider the influence of the two designs on the response of the resonators by
accounting for the dispersion of the loss. As expected, loss increased in the more conservative design since the wavelength
band of interest lies further from the absorption edge of the quantum well. Figure 3 shows the transmission spectrum for
light inserted into the waveguide. Note that a ridge waveguide width of 0.75µm was found to be optimum for light
coupling. The drop in transmission occurs due to light coupling into the disks and provides a useful measure of the quality
of the resonance. The aim of the simulation shown in Figure 3 was to determine how much worse the resonance becomes
with the conservative epitaxial structure compared to the optimal one. A good resonance is still seen and is only very
slightly red-shifted. The conservative design was therefore considered to be useful at the prototype stage to allow for any
discrepancies in the epitaxy.

1.60Q
1.65Q

Figure 3. Epitaxial Designs with 1.60Q and 1.65Q core layers ignoring changes in material loss (left) and to account for
variation in the loss (right). In both cases 1.605µm wavelength light was simulated in an 8.9µm disk. This
wavelength was chosen to be off-resonance for the disk.

Resonator and waveguide design
Using the same photonics software that was used to optimize the epitaxial structure, an extensive evaluation of the
resonator characteristics was performed. Many of the Finite Difference Time Domain (FDTD) simulations were
extremely CPU intensive and so were performed on a commercial cluster system.
The disk size is a crucial aspect of the design and one where a compromise is required. Ideally, a small diameter disk
would be preferred since the free spectral range, d-1 where d is the disk diameter. This is to ensure that no more than
one resonant mode exists in each resonator within the wavelength range of interest. However, bend losses become more
significant for smaller disk sizes and hence larger disks are required to ensure that light is confined within the disks
thereby providing a strong resonance. It was determined that the bend losses would be too high if the disks work at the
fundamental or very low orders. Consequently, there is a limit on how large a disk resonator can be and a limit to how
high the order in which the disk resonator can operate. In this prototype chip, operating between 1600nm and 1610nm,
the largest resonator usable has a diameter of ~21µm such that >10nm, the bandwidth of interest (for example see
Figure 4). It was decided to use disks between 12µm to 21µm in this design. These disks operate at ~ 100 th order. Once
the order has been chosen, the optimum position of each resonator along the waveguide is determined to ensure that the
maximum amount of light at each wavelength couples into each disk. The further the radiation travels in the waveguide,
the higher the proportion of the light that is absorbed in the waveguide. The disk resonators all have a certain size and
there is also a limit to how closely together the disk resonators can be arranged. If the disk resonators are located too
closely together, coupling may occur between the disks changing the resonance wavelengths and impeding the
wavelength selectivity of the resonators. By calculating the loss in each disk and ordering the disks so that the disks with
the highest loss are positioned nearest to the input of the waveguide, loss in the system can be reduced.

Figure 4. Simulation of 8.4µm disk showing a free spectral range of ~13nm

The resolution and sensitivity of the device can be improved by configuring the resonators in the device to work in
different resonance orders. By selecting an appropriate order and position for each resonator, the coupling of light into
each resonator can be maximized, thereby maximizing the detected signal and minimizing noise. By reducing the
background loss at each wavelength, the resonator quality factor (Q) is maximized leading to an improvement in the
spectral resolution of the spectrometer chip. Each disk resonator may operate in an order determined to; (i) minimize
bend losses in the disk resonator, (ii) provide a free-spectral range of the disk resonator that is larger than the operating
spectral bandwidth of the device and (iii) ensure that the resonant wavelength of the disk resonator falls at a target
wavelength for the spectrometer.
When larger resonators are used in the higher order there are three ways in which unwanted orders may be excluded and
prevented from resonating with the microdisks:
1.

The absorbing layer is chosen to have a fixed spectral absorption bandwidth of its own, therefore it will not
respond to wavelengths beyond a certain upper limit (since the resonator is essentially transparent).

2.

Use of a thin film filter on the front of the chip (light input end) may be used to suppress shorter wavelengths
which are not of interest but which might couple into and be absorbed by the resonator.

3.

The waveguide itself will strongly absorb wavelengths below a particular cut-off wavelength (e.g. in the
InGaAsP cladding) and therefore acts as a filter.

A large number of FDTD simulations were performed to model in detail and optimize the characteristics of the resonance
(strength and sharpness). A typical simulation showing the effect of a constant wave (CW) of light at the resonant position
of the disk is shown in Figure 5 and a typical simulation showing an off resonance wavelength is shown in Figure 6. The
upper dark grey curve indicates the optical field intensity in the disk versus the optical field intensity in the ridge (light
grey curve) as the light propagates into the disk. Note that the horizontal (cT) axis in this plot corresponds to distance
travelled by the light (proportional to time of flight).

Figure 5. On resonance FDTD simulation of an 8.9µm radius disk. Left: Contour Map, Right graph showing resonance
in disk and at the end of ridge waveguide (as labeled). Note that the horizontal line (value=1) corresponds to the
light injected into the waveguide entrance.

By means of a contrast, the situation for a long simulation time where the injected wavelength is off-resonance (1.600µm)
is shown in Figure 6 where it is clear that the light coupled into the disk (dark grey curve) is negligible compared with the
ridge waveguide (light grey curve).

Figure 6. Off resonance FDTD simulation on an 8.9µm radius disk. Left: Contour plot, Right: Energy injected, in disk
and at the end of the waveguide (as labeled).

The final disk sequence for the resonators is shown in Figure 7 where a total of 21 resonators are used to cover the 16001610nm spectral window. The typical full width half max (FWHM) of each resonator is ~0.3nm suggesting that with
this design, using disks of this diameter and in this material this chip should be able to comfortably achieve a spectral
resolution better than 1nm. Note that in these simulations, the influence of an oxide overlayer is included in the
determination of the resonances since this directly influences the complex refractive index of the propagating modes.
2.3 Ancillary design aspects
Owing to the fact that the coupling into the resonators is <100%, light that is neither coupled into the resonators nor fully
absorbed by the waveguide may reach the end of the ridge waveguide. Back-reflections from the end of the waveguide
may give rise to interference within the spectrometer chip which would degrade its performance. In this prototype chip
we therefore designed a large ‘end-stop’ which effectively prevented back reflections negating the need to anti-reflection
coat the end of the waveguide. The end-stop causes the unwanted light to become unguided. The diverging radiation
field is then absorbed by the material forming the anti-reflection region. In our simulations the level of back reflection is
negligible using this method (Figure 8 left).

For light coupled into the waveguide, a taper was incorporated to optimize coupling of light into the chip and to
accommodate mis-alignment of the input optics. A number of FDTD simulations were performed from which it was
found that the optimum width of the taper is 3µm. Figure 8 (right) shows an example of how the taper accommodates
misalignment. In this example, the light field is input off center (displaced to the right by 1µm) and is still effectively
funneled into the waveguide. FTDT simulations suggest that approximately 80% of the power was coupled into the chip.
In contrast without use of the taper only 10 % of the input power is coupled into the waveguide when it is input off
center by 1µm.
Finalized Chip Design
The final spectrometer chip layout design is shown in Figure 9 below. The CAD images represent a scale illustration of
the final complete chip design and show the position and diameters of the resonators.

Figure 7. Spectral response of each resonator. The radii of each disk is indicated (in µm) below its predicted resonance.

Figure 8. Finite-difference time-domain (FDTD) simulation on the effect of block of III-V material at end of waveguide
(left) and of a light beam being input off-center into the tapered waveguide (right).
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Figure 9. Final chip design. Left figure shows the oxide layer, large gold electrical pads and the long taper. Right is a
close up and shows diameters and chip layout. The dielectric is not shown within the etched region for clarity.

3. PROTOTYPE CHIP MANUFACTURE
The prototype structures were grown using MOCVD. Electron beam lithography was used to define the ridge and disk
structures with optical lithography to define the contact features.
Electron Micrographs of manufactured chip
Figure 10 shows a number of electron micrographs of the final manufactured prototype chips.

Figure 10. Electron Micrographs of the manufactured prototype chips

Due to the importance of the disk-ridge interface, this was studied in detail using SEM and shown in bottom panels of
Figure 10. Structural characterization shows that the chip design is realizable within manufacturing tolerances.
Optical and Electrical Testing
A series of optical and electrical tests were performed to probe the basic electrical and optical properties of the
spectrometer chips. Figure 11 shows a typical current-voltage characteristic for one of the resonators, clearly showing
good diode like behavior.

Figure 11. Typical current-voltage (I-V) characteristic of the resonators.

Signal strength (a.u.)

The set-up for optically probing the resonators is illustrated in Figure 12. A tunable laser source was used to provide
coherent light excitation over the 1600-1610nm wavelength band and was coupled into a multimode optical fiber. Using
micropositioners, the light from the optical fiber was coupled into the tapered end of the chip. For the test, the resonator
with the lowest reverse leakage current was chosen and biased with a Keithley 2400 series source measure unit (SMU).
The SMU provides a bias whilst simultaneously measuring the generated photocurrent.
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Figure 12. Test and measurement set-up for
optical injection investigations of the
spectrometer chips

Figure 13. Results of optical test on one of the microdisks.
Coarse resolution, showing two likely whispering gallery
modes at the predicted Full Width Half Max (FWHM) of
11nm apart.

The results from a 1nm resolution coarse test on the 8.5µm radius disk is shown in Figure 13. Simulations suggest that
this disk will resonate at 1605nm and have a free spectral range of ~13nm. For this test, the chip was biased at -2V and
it can be observed that there are two strong peaks indicating a resonance close to 1605nm. The peak however consists of
two features which required further investigation. A further peak is visible around 1594nm which may indicate a free
spectral range of approximately 11nm, close to that anticipated. Other structures are likely associated with Fabry-Perot
resonances owing to the lack of an anti-reflection coating on the prototype chip. This result provides initial evidence for
a selective resonant response. In this experiment, the laser power was fixed at 500µW, however, due to the large
mismatch between the fiber core diameter (62.5µm) and the taper, the coupling efficiency is estimated to be
approximately 0.06%. Also, due to the fact that the facets of the prototype chip are not facet coated, approximately 30%

of the light is back-reflected. Consequently it is estimated that only ~0.3µW enters the chip with a smaller fraction still
entering the resonator.

4. CONCLUSIONS
This paper has described the first proof of concept for a novel diode based integrated spectrometer chip based around a
series of high-Q electrically addressable micro-disk resonators. Theoretical modeling has been extensively used to
develop an optimized structure targeting the 1600-1610nm wavelength range. First prototype chips have been
manufactured and have demonstrated that this concept is realizable using standard growth and lithographic processes.
Preliminary characterization of the spectrometer chips illustrates that the resonators function as high quality diodes
whilst showing a resonant selective wavelength response. Investigations are ongoing to fully develop and characterize
this entirely new approach to spectroscopy using a single chip based system.

ACKNOWLEDGEMENTS
This work has been partially funded by Astrium Ltd. We acknowledge IQE (Cardiff, UK), Kelvin Nanotechnology Ltd
and CSTG (both of Glasgow, UK) for growth and processing of the chips and the University of Surrey (UK) for initial
chip characterization.
This work is protected by a series of granted 1 and pending2-6 patent applications.

REFERENCES
[1] Sweeney, S. J., “Spectrophotometer”, Great Britain Patent, GB2470115B (2010)
[2] Sweeney, S. J., Zhang, Y., “Device with Quantum Well Layer”, European patent application EP11275125.0
(2011)
[3] Sweeney, S. J., Zhang, Y., “Resonator with Reduced Losses”, European patent application EP11275126.8
(2011)
[4] Sweeney, S. J., Zhang, Y., “A Spectrometer”, European patent application EP11275127.6 (2011)
[5] Sweeney, S. J., Zhang, Y., “Suppression of Back Reflection in a Waveguide”, European patent application
EP11275128.4 (2011)
[6] Sweeney, S. J., Zhang, Y., “Resonator Optimisation”, European patent application EP11275129.2 (2011)
[7] Popovíc, M. A., Barwicz, T., Watts, M. R., Rakich, P. T., Socci, L., Ippen, E. P., Kärtner, F. X. and Smith, H. I.,
“Multistage high-order microring-resonator add-drop filters”, Optics Letters 31(17), 2571-2573 (2006)
[8] Vahala, K.J., “Optical microcavities”, Nature 424, 839-846 (2003)
[9] Armami, D.K., Kippenberg, T.J., Spillane, S.M. and Vahala, K.J., “Ultra-High Q micro-resonator and method
of fabrication”, US Patent application US2004/0179573 (2004)
[10] Djordjev, K, Seung-June, C., Sang-Jun, C. and Dapkus, P.D., "Gain trimming of the resonant characteristics in
vertically coupled InP microdisk switches", Applied Physics Letters 80(19), 3467-3469 (2002)
[11] Xia, Z., Eftekhar, A. A., Soltani, M., Momeni, B. Li, Q., Chamanzar, M., Yegnanarayanan, S. and Adibi, A.,
“High resolution on-chip spectroscopy based on miniaturized microdonut resonators”, Optics Express 19(13),
12356-12364 (2011)
[12] Lee,, B. and Choi, B.I. “Tunable Plasmonic Filter”, US Patent application 2010/0046060
[13] Kurokawa, U., Choi B.I, Chang, C.C. “Filter-Based Miniature Spectrometers: Spectrum Reconstruction Using
Adaptive Regularization,” Sensors Journal 11 (7), 1556-1563 (2011)
[14] Crocombe, R.A., “Miniature Optical Spectrometers: The Art of the Possible, Part IV: New Near-Infrared
Technologies and Spectrometers”, Spectroscopy 23(6), 26-37 (2008).
[15] Schuler, L.P., Milne, J.S., Dell, J.M. and Faraone, L. “MEMS-based microspectrometer technologies for NIR
and MIR wavelengths,” Journal of Physics D: Applied Physics 42(13), 133001, (2009)
[16] Chen, J., Kubby, J.A., “Monolithic Spectrophotometer”, US Patent 6,249,346 (2001)

[17] Manzardo, O., Herzig, H.P., Marxer, c.R. and de Rooij, N.F. “Miniaturized time-scanning Fourier transform
spectrometer based on silicon technology”, Optics Letters 24 (23), 1705 (1999)
[18] Grüger, H., Wolter, A., Schuster, T., Schenk, H. and Lakner, H., “Realization of a spectrometer with
micromachinedscanning grating”, Proc. SPIE 4945, 46-53 (2003)
[19] FullWave by RSoft Design Group, Ossining, NY (www.rsoftdesign.com)"
[20] PicWave by Photon Design Ltd, Oxford UK (www.photond.com)
[21] FIMMWAVE / FIMMPROP by Photon Design Ltd, Oxford UK (www.photond.com)

