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ABSTRACT: A wafer-thin chip-scale portable spectrometer suitable for wearable applications based on a reconstructive algorithm
was demonstrated. A total of 16 spectral encoders that simultaneously functioned as photodetectors were monolithically integrated
on a chip area of 0.16 mm? by applying local strain engineering in compressively strained InGaN/GaN multiple quantum well
heterostructures. The built-in GaN pn junction enabled a direct photocurrent measurement. A non-negative least-squares (NNLS)
algorithm with total-variation regularization and a choice of a proper kernel function was shown to deliver a decent spectral
reconstruction performance in the wavelength range of 400—645 nm. The accuracies of spectral peak positions and intensity ratios
between peaks were found to be 0.97% and 10.4%, respectively. No external optics, such as collimation optics and apertures, were
used, enabled by angle-insensitive light-harvesting structures, including an array of cone-shaped backreflectors fabricated on the

underside of the sapphire substrate.
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ptical spectroscopy is one of the most important and

widely utilized scientific techniques. A spectrometer
measures an optical signal’s spectrum, that is, the relative
spectral power density P(4) at different wavelengths 4. A
visible-wavelength spectrometer is a versatile tool for
applications in chemistry, life science, microbiology, food
industry, biomedical sensing, lab-on-a-chip, environmental
monitoring, pharmaceutical research, cosmetic industry, and
quality control. A spectroscopic system consists of three parts:
a light source for reference or fluorescence excitation, a series
of spectral encoders to encode the optical signal from the
sample, and one or more photodetectors to convert the
encoded signal into the spectrum. The most common Czerny—
Turner configuration' (e.g, in a monochromator) uses a
grating to encode the signal’s wavelength onto different spatial
coordinates, which are subsequently measured by a linear
photodetector array. The Fourier-transform spectrometer (e.g.,
FTIR) encodes the signal’s autocorrelation using a variable
delay line that is then converted into the signal’s spectrum via
the Fourier transform. The tunable light spectrometer (e.g., a
tunable laser spectrometer; an oximeter in a smartwatch™’)
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uses multiple LEDs or a tunable laser as the encoder to isolate
the signal one wavelength at a time. However, this approach is
unsuitable for detecting an active optical signal from
fluorescence, chemi-, and electroluminescence. The recon-
structive spectrometer encodes the signal with multiple
broadband spectral filters, R.(4), where k is the index of the
spectral encoder.® Each of the encoded signals is measured by a
separate photodetector. The collective photocurrents {I.} are
then used to reconstruct the spectrum, for example, using a
non-negative least-squares (NNLS) algorithm P(A):minps||I
— RP||*/2. The reconstructive spectrometer has attracted
intense research interest recently”®'*™'®77'* because of the
following: 1. Computational power per watt-dollar grows
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rapidly; 2. Spectral filters can be highly compact and mass-
produced; 3. With machine learning and optimization
advances, the spectrum can be eficiently reconstructed even
with only a small number of encoders/photodetectors.'”"**°
These features are especially attractive when miniaturizing a
spectroscopic system.

In this Letter, a low-profile reconstructive spectrometer with
only the thickness of the semiconductors and an operating
range spanning the visible wavelength spectrum is reported.
Visible spectrometers have broad applications in UV—vis,
fluorescence, and chemi-/electroluminescence spectroscopy.
We focus on an extremely portable platform enabled by a total
system height including all the necessary optics and electronics
of no more than a few hundred microns and an area on the
order of 0.1 mm? We also favor simple and computationally
efficient algorithms. While the spectral resolution and accuracy
of our results are limited by the number of detectors that can
be fitted in a small chip area, our design can be advantageous
for wearable applications that are constrained by size, weight,
and power consumption. In this work, the spectral encoders
are based on wide-bandgap gallium nitride (GaN) semi-
conductors and are designed to be as insensitive to the incident
angle of light as possible. As GaN semiconductors are excellent
light-emitting materials, monolithic integration of a reference
or excitation light source on the slpectrometer chip is possible
and has been shown previously.”' Heterogeneous integration
with a silicon transimpedance amplifier (TIA)** or monolithic
integration of GaN TIA™ has also been previously reported for
GaN-based detectors.

The GaN-based spectral encoders were programmed using
local strain engineering. They had a very weak dependence on
the incident angle of light,14 eliminating the need to condition
the optical signal’s angle distribution with collimation optics or
an aperture. Computationally efficient algorithms were applied
to reduce the number of encoders needed and the chip area of
the spectrometer without significantly sacrificing the spectral
reconstruction performance. The result is an ultrathin-film
form factor, as illustrated in Figure 1, which is suitable for
integrating a lab-on-a-chip sensor for epidermal sensors,
biochips, neuro- and endoscopic probes, Internet-of-things,
and environmental monitoring,

B RESULTS

A proof-of-concept chip-scale reconstructive spectrometer
consisting of 16 spectral encoders was prepared (Figure 2A;
see the Sample Preparation section). Each encoder consisted of
a pn junction and therefore also functioned as a photodetector
biased at a zero voltage. Moreover, each encoder exhibited a
unique spectral responsivity determined by the geometric
shape of the constituent light absorbers. The encoder
comprises an array of nanopillar-shaped GaN nanostructural
light absorbers. The strain profile of the InGaN/GaN multiple
quantum wells (MQWs) inside each nanopillar follows a
hyperbolic secant (hsec) profile along its radial direction with a
zero strain (fully relaxed) at the perimeter and an increasing
strain (partially relaxed) toward the center.”* When the
nanopillar diameter is large, the strain at the center reaches
its maximum value as determined by the lattice mismatch
between InGaN and GaN. However, as the nanopillar diameter
is on the order of several hundreds of nanometers or smaller,
the strain at the center does not reach the maximum value. A
smaller strain increases the bandgap and decreases the
absorption cutoff wavelength, allowing the spectral response

8175

§§
w

o\ :
N N G
-2
£ T 5
€ 8o
- 8%
v C C
n-GaN wao
bonding bump »
.3
o 2
5o
Q€
3 s
= E

<1 mm per spectrometer

Figure 1. Conceptual illustration of the strategies used to achieve a
low-profile ultrathin spectrometer chip based on the spectral
reconstruction technique utilizing an array of GaN-based spectral
encoders and photodetectors. As shown is the monolithic integration
of the GaN reference or excitation LED and three spectral encoders,
which double as photodetectors. The programming of each spectral
encoder is via local strain engineering using nanopillar-shaped
InGaN/GaN multiple quantum wells (MQWs). The weak angle
dependence of the spectral encoders’ absorption eliminates the need
to condition the incident optical signal using collimation optics or
apertures, enabling a direct integration on a lab-on-a-chip platform.

to be programmed simply by changing the nanopillar’s
diameter using lithography and etching. Figure 2B shows the
16 encoders’ responsivities R;(4) measured at 0 V with a 1 nm
spectral resolution as a function of the nanopillar’s diameter
(see the Optical Measurements section). We also determined
the operating wavelength range using the NNLS algorithm
with a monochromatic delta-function spectrum (f,) as an
input tuned from 400 to 700 nm. We calculated the
photocurrents I, = R, 5(f,) and applied NNLS to check
how well 5(f,) can be recovered. The reconstructed peak
wavelength versus the input is plotted in Figure 2C. The
straight-line segment from 400 to 645 nm represents the
operational window of the device. Beyond 645 nm, the
reconstruction error increased significantly because of the low
responsivities of all detectors, as shown in Figure 2B. The
absorption cutoff wavelength of the MQW stack is around 650
nm.

In a spectrometer, the encoders’ spectral responses R(4)
must remain constant under all measurement conditions for
the reconstruction algorithm to determine the spectrum
correctly. Thus, the incident light’s angle distribution is often
conditioned in a reconstructive spectrometer, for example, by
letting it go through a pinhole or collimation optics. This is
because the spectral response is generally sensitive to the
incident angle of light. The external optical elements filter or
fix the distribution of the incident angles, but also increase the
difficulty of miniaturizing the spectrometer, especially achiev-
ing a chip-scale device with a low profile. While an on-chip
aperture or a grating coupler has been reported to address this
limitation, these structures inevitably reduce the light-harvest-
ing efficiency (LHE) and the signal-to-noise ratio (SNR).
Alternatively, a nanostructural absorber can reduce the
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Figure 2. (A) The device schematic shows the cross-sectional view of seven photodetector sections and the light-trapping back reflector on the
underside of the sapphire substrate. Each photodetector section consists of a different diameter array of nanopillar-shaped LEDs, which programs
the spectral response via local strain engineering. A representative nanopillar array’s scanning electron microscopy (SEM) image is shown on the
bottom left with the metal etch mask on top of the nanopillars. The etch mask was still needed for the subsequent fabrication process and therefore
was not removed for the imaging. The SEM bird’s-eye view of the light-trapping back reflector is shown on the bottom right. (B) The responsivities
of the 16 photodetectors were measured using a tunable monochromatic light (see the Optical Measurements section). The legend shows the
diameter of the nanopillar in each photodetector, ranging from 60 nm to thin film (TF). The responsivity is not normalized to the active region
area but rather the chip area. (C) The spectrometer’s spectral reconstruction accuracy in the range of 400 to 700 nm, using both the
monochromatic input (solid curve) and LED sources (dots). A diagonal section between 400 and 645 nm represents the spectrometer’s operating
range. (D) The light-harvesting efficiencies (LHEs) of different photodetectors as a function of the incident angle of light are calculated using the
three-dimensional finite-difference-time-domain (FDTD) method. The legend shows the diameter of the nanopillar in each photodetector. A
bottom light-trapping structure with a sidewall angle of 32°, as shown in (A) was included in the calculations.

sensitivity as light can bounce around between the different scenarios. While the LHE of the photodetectors used
nanostructures, effectively randomizing the angle distribution. in this study is relatively insensitive to the incident angle of
A light-trapping structure that increases light scattering at all light up to +30°, the sensitivity starts to increase at a larger
angles also helps. This work added a periodic array of incident angle for large-diameter and thin-film photodetectors,
microscale dome-like silver-coated back reflectors on the as shown in Figure 2D. The change of the illumination angle

sapphire substrate’s back side. Figure 2D shows the LHEs of
different encoders as a function of the incident angle of light.
The result suggests that the LHE is relatively insensitive to the

incident angle of light up to +30°% corresponding to a variation (TV) regularization.”> The TV loss is defined as
numerical aperture of 0.5. The sensitivity increases when the ) 1 ) 300300+

incident angle is more than 30° for larger-diameter and thin- ISlirv = 5 [IDS|), where D € R is the first-order
film photodetectors. Further improvements are possible with a difference matrix given by

second light scatterer or diffuser added on the top'* or a

distribution may lead to the uncertainty of R(1), which means
the reconstructed solution may be inaccurate.
To address both challenges, we introduced a variant of total-

microlens to function as a spatial filter. 1 -1 0 00 O
To characterize the spectral reconstruction performance, 0 1 =1 " " 0
various commercial S mm LEDs of different colors and their 00 1 " - 0
combinations were used as the test light sources. These LEDs D= e
were mounted around S cm above the sample with no special 0 0
alignment or external optical elements other than making sure 0 —1
the light from all LED devices hit the photodetector area on 00 0 00 1

the sample. A commercial spectrometer separately measured
the LED emission to obtain the ground truth.

When reconstructing the spectrum, as there are only 16
spectral encoders, the linear system specified by R.(4) is 0 is the weight of the TV loss. We can interpret the
heavily underdetermined. Moreover, Ry(4) may change for optimization problem as

We solved § = arg ming, %HI - RS||% + /1||S||%~V, where 1 >
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Figure 3. Measured spectra were constructed from a TV-regularized NNLS algorithm (solid curves), and their comparison to the ground truths
(dashed curves) measured by a commercial spectrometer. (A) A series of single-color S mm LEDs as the test light sources. A total of 10 were
measured, with six results shown here (see Supporting Information for the entire data set). (B) Test light source with three S mm LEDs of different

colors.
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Figure 4. Accuracies of spectral reconstruction performance of various test light sources comprising of 1, 2, and 3 LEDs of different colors. (A) The
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Given the size of the new sensing matrix [ /11%)], the original

2

problem is now transformed into an overdetermined system.
This guarantees the uniqueness of our solution for estimating
the spectrum. Second, using the modified TV regularizer
improves robustness to the uncertainty of Ri(4). It is well
understood that adding a regularizing term (e.g., ridge
regularization) reduces the sensitivity of the solution S to
errors in the measurement process.” In particular, regulariza-
tion schemes such as ridge regression are known to be
optimally robust against perturbations in the sensing matrix R,
which is precisely where the uncertainty arises.”” Finally, it is
worth mentioning that our formulation is a specific instance of
generalized ridge regression; in this case, we encourage the
reconstructed spectrum to be smooth, which is true for most
optical signals.

In the following, we present the results of TV regularized
spectral reconstruction with an empirical choice of 4 = 107°
using MATLAB’s Isqnonneg solver. The results are summar-
ized in Figure 3, where Figures 3A and B show the results from
a single LED and three LEDs, respectively. More results can be
found in the Supporting Information. For many potential
applications of a miniaturized spectrometer, the nature of the
optical signal is almost always known a priori. In this study, the

LED emission can be represented by the sum of multiple
Lorentzian-shaped lines, that is, inhomogeneously broadened.
Therefore, in addition to the above results from TV
regularization, we convolve the result with a Lorentzian kernel
function

L(A = he/E, AE) = ~ AE/2

T (E - E,) + (%)2

where AE is the fwhm line width, h is the Planck’s constant,
and c is the speed of light. A commercial LED typically has a
line width in the range of 3—10kT. In this work, we chose AE
= 6kT.

Figure 4 summarizes the spectral reconstruction perform-
ance. We focus on the major features of the spectrum, such as
the peak positions and the relative optical powers between
these peaks, which are likely sufficient for many miniaturized
spectrometers’ targeted applications. The accuracy of the peak
wavelengths has a standard deviation of 0.97%, corresponding
to 4 to 6 nm of wavelength accuracy in the visible wavelength
range. The accuracy for the intensity ratio at different peak
positions is not as good, with a standard deviation of 21.1% (or
10.4% if one outlier is removed). Accurately determining the
intensity ratio requires more spectral information and hence a
larger number of spectral encoders, which is left for future
investigations. Increasing the number of spectral encoders is
also expected to improve the wavelength accuracy but at the
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expense of a larger chip area and more computational
resources.

B DISCUSSION

In this work, we assumed the nature of the optical signal was
known to improve the spectral reconstruction with an
appropriate kernel. It is likely true that the optical signal in
many scenarios is categorizable based on the specific
application. On the other hand, those applications often have
constraints on system size, thickness, weight, power con-
sumption, and reliability under a constant motion. The
proposed spectrometer design in this study is most suitable
for applications that prioritize the thinness and lower power
consumption over the ability to analyze an arbitrary spectrum
with a high spectral resolution. Examples include a wearable or
epidermal sensor that regularly monitors an optical signal for a
long time.”*~*° By thinning or removing the sapphire substrate
and vertically stacking a silicon ASIC that incorporates TIA
and microprocessor for spectral reconstruction, as illustrated in
Figure 1, the overall dimensions of the spectrometer can be no
more than a few hundred micrometers in thickness and a few
millimeters in the lateral directions. Multiple photodetectors
can share one TIA in a round-robin fashion.

A total of 16 encoders were used in this work. In cases when
the number of spectral features is small, it is interesting to ask
what the minimum number of spectral encoders is required.
To answer this question, we applied a “greedy” algorithm to
the 3-LED spectrum. We evaluated a loss function L:

LZZ(xi—fci)z+(pi—ﬁi)2

where {x,p;} are the position and magnitude of the i-th peak of
the reconstructed spectrum and {X,p,} are the same for the
ground truth. We started with 16 encoders and calculated L by
removing one encoder at each iteration. At the end of each
iteration, we eliminated the encoder that minimized L for the
rest of the encoders. The result is shown in Figure S5. It
suggests that the reconstruction of the 3-LED spectrum only
requires 7 encoders.

While advanced machine learning methods such as deep
learning can likely improve the spectral reconstruction
performance, they require training with many test light sources
and are time-consuming.'”* In this study, an alternative was
suggested based on the known nature of the optical signal, in
our case, the Lorentzian line shape of the LED emission.
Convolving the appropriate kernel with the reconstructed
spectrum obtained from a simple NNLS algorithm can
significantly increase the computational efficiency of the
spectrometer while still achieving a reasonable accuracy.
Such an approach can potentially greatly reduce power
consumption, a feature likely important for wearable
applications.

B CONCLUSION

A wafer-thin chip-scale portable spectrometer system based on
the NNLS spectral reconstruction algorithm was proposed and
demonstrated. A total of 16 spectral encoders, which
simultaneously functioned as photodetectors, were monolithi-
cally integrated on a chip area of 0.16 mm” using the principle
of local strain engineering in compressively strained InGaN/
GaN MQW structures. When the InGaN MQW active region
is shaped into an array of nanopillars, the strain is relaxed from
the edge of the nanopillar, which modifies the absorption
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cutoff wavelength and the spectral response. The absorption
properties were programmed and tuned across the visible
spectrum using different nanopillar diameters. The built-in
GaN pn junction enabled photocurrent measurements at a
zero bias. The absorption sensitivity was suppressed for an
incident angle of light up to 30° using a cone-shaped back
reflector fabricated on the underside of the sapphire substrate.
As a result, no external optics such as collimation optics and
apertures were used or necessary in the experimental
demonstration. A non-negative least-squares (NNLS) algo-
rithm with total-variation (TV) regularization and a choice of
Lorentzian kernel function was shown to deliver a decent
spectral reconstruction performance in the wavelength range of
400—645 nm. The accuracies of spectral peak positions and
intensity ratios between peaks were found to be 0.97% and
10.4%, respectively. The small chip area together with a
computationally efficient spectral reconstruction algorithm
makes the proposed spectrometer especially suitable for
wearable applications.

B METHODS

Sample Preparation. The sample used in this study was
grown on a 50 mm diameter double-side-polished (DSP), c-
plane sapphire substrate by a commercial foundry (NovaGaN)
using metal—organic chemical vapor deposition (MOCVD).
The epitaxial structure was a simple LED heterostructure with
GaN pn junction and five periods of Ing;,GagesN (2.5 nm)/
GaN (12 nm) multiple quantum wells (MQWs) in the active
region. No electron blocking layer was added. The indium
composition in the MQWs was controlled such that electro-
luminescence at room temperature showed red emission (4 =
630 nm at 7 V). The sample fabrication (see Supporting
Information, Figure S4) started with the underside of the
substrate with the preparation of dome-like light trapping
structures. First, 500 nm thick SiO, was deposited on the front
side of the substrate to protect the epilayers. A photoresist
(SPR 220) was then spin-coated on the back side of the
substrate and patterned with an array of circles (4 ym diameter
with an interval of 3 ym) using optical lithography. The resist
was reflowed at 140 °C for 6 min using a hot plate in air to
achieve the desired shape. Next, the resist pattern was
transferred to the sapphire substrate using inductively
coupled-plasma-reactive-ion-etching (ICP-RIE), resulting a
sidewall angle of ~32°. The shape and sidewall angles of the
dome-structures were verified by atomic force microscopy.
After ICP-RIE, SiO, layer was removed using buffered HF. A
300 nm thick Ag layer was deposited on the domes as the
reflector. The scanning electron microscopy (SEM) image of
the backreflector is also shown in Figure 2A.

The photodetectors with integrated spectral encoders were
fabricated by a top-down process. Electron beam lithography
and ICP-RIE were used to define the nanopillars of various
diameters. To get a vertical sidewall and remove the plasma
damage, a wet etch in a buffered KOH solution (AZ 400 K)
was performed after the dry etch. The SEM image for the 60
nm GaN nanopillars is shown in Figure 2A. After achieving
cylindrical nanopillars with a height of 200 nm, the sample was
planarized. A 500 nm SiO, was deposited using plasma-
enhanced chemical vapor deposition (PECVD) followed by a
600 nm spin coating of poly(methyl methacrylate) (PMMA).
After planarization, PMMA and SiO, were etched back using
ICP-RIE with a subsequent ion milling to expose the tips of the
nanopillars. Ion milling was used to avoid the plasma damage
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on the circumference of the exposed nanopillars. Finally, the
metallization for the electrical interconnects was carried out.
We used 7 nm/7 nm Ni/Au layer for p-contact thermally
annealed in air and 30 nm/100 nm Ti/Au for n-contact. All
photodiodes share a common n-contact.

Optical Measurements. Each photodiode was charac-
terized for its intrinsic response under the illumination of a
monochromatic light in the spectral range of 400 to 700 nm
with a step size of 1 nm. We used a solar simulator (Abet
Technologies) as the light source. The broadband spectrum
was filtered through a monochromator (Acton 2500i, 0.500m
focal length triple-grating) and impinged upon each photo-
diode via fiber optic cable. The photocurrent was measured at
0 V using a current meter (Keithley 6482). The optical power
of the impinged light was separately measured from a reference
detector. The responsivity of each photodiode was calculated
from the measured photocurrent and optical power of incident
light. We also considered the estimated illumination area and
the dimensions of each photodiode (including areas without
nanopillars) in the responsivity calculations.
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