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1. Introduction

Photonic-integrated circuits (PICs) operating in the ultraviolet C
(UVC) spectrum are of interest for applications in biochemical
sensing, UV Raman spectroscopy, and quantum photonics.[1–5]

PICs operating in this spectral range (210–300 nm) require an
active region material with a sufficiently wide bandgap to achieve
the desired emission wavelength and an optically transparent
waveguide stack. The ternary compound AlxGa1�xN provides a
tunable bandgap, allowing for its use for both the active region
and waveguiding layers. Indeed, recent simulation results of
AlxGa1�xN layers grown over an optically thick (t> 2 μm) AlN
spacer have revealed the promise of the AlGaN/AlN system for
integrated optics.[6] To date all of the estimates of the optical atten-
uation of metal organic chemical vapor deposited (MOCVD)
AlGaN in the deep ultraviolet spectral region have focused primar-
ily on normal incidence transmission, typically enabled through
the measurement of the optical transmission fringe contrast.[7,8]

The in-plane attenuation coefficient for an n-Al0.65Ga0.35N planar
waveguide at a wavelength of λ¼ 280 nm has yet to be experi-
mentally established. This fundamental parameter is a key

requirement to furthering the development
of III-N-based integrated optoelectronics.

This study experimentally establishes, for
the first time, the total optical loss in an
n-Al0.65Ga0.35N planar waveguide. Our
observed absorption lengths �2mm are
much greater than the 280 nm wavelength,
clearly showing that PICs at this wavelength
are possible. Moreover, by identifying free-
carrier absorption as the fundamental
contributor to the optical losses, we propose
a roadmap for increasing the absorption
length by reducing carrier concentration,
furthermaking these devices more practical.
Examples of applications include the

following: 1) planar system-on-a-chip can currently find broad
application in surface gas sensing. Many common gases, e.g., ace-
tone, have strong UV absorption lines.[9] 2) Ring resonators, such
as with GaN, which has a visible–infrared absorption coefficient
ranging from �0.1 to �2 cm�1.[10,11] This is comparable with our
AlGaN UVC losses reported here. Thus, using our AlGaN layers,
ring resonators could be scaled into the UVC for more
compact, secure PICs for data transmission.

In this article, we show the surface roughness in as-prepared
AlGaN to be low enough to minimize Rayleigh scattering to a
level well below free-carrier absorption. This demonstrates the
practicality of UVC PICs.

For system-on-a-chip-based PICs, a low-loss waveguide is
required for efficient transmission of the optical radiation from
the emitter to the detector. Light-emitting diodes (LEDs) and pn-
junction photodetectors are used as the emitters and detectors for
these circuits. It is then crucial to develop an understanding of
the multimode optical attenuation of guided UVC radiation
within the waveguide stack using the integrated LED and
photodetector. This is the motivation for our report here. We
present our initial measurements of the optical losses for an
n-Al0.65Ga0.35N planar waveguide at λemission¼ 280 nm using
monolithically integrated AlxGa1�xN multiple quantum well
(MQW) LEDs and photodetectors.

2. Device Structure, Fabrication, and
Characterization

The epilayers for the integrated emitter and detector structures in
our study were grown on AlN (�3.5 μm thick)/basal plane
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sapphire templates using a low-pressure custom MOCVD reac-
tor. The structure consisted of a 1.5 μm-thick n-Al0.65Ga0.45N
contact layer (n� 1–2� 1018 cm�3) followed by four pairs of
Al0.6Ga0.4N/Al0.4Ga0.6N MQWs (λemission� 280 nm). The p-side
consisted of an electron blocking AlGaN, a polarization-doped
graded composition p-AlGaN, and an Mg-doped hole-injection
pþ-GaN cap layer (p� 1� 1018 cm�3). Mesa-type emitter and
detector devices were fabricated by first accessing the
n-Al0.65Ga0.45N via inductively coupled plasma reactive ion etch-
ing (ICP-RIE) and then making n-contacts using a Zr (150 Å)/Al
(1200 Å)/Mo (350 Å)/Au (500 Å) metal stack. A 30 s 950 �C rapid
thermal annealing (RTA) was used to improve the ohmic behav-
ior and reduce the n-contact resistivity which was measured to be
6.63Ωmm with a corresponding sheet resistance of �200Ω □

�1

using standard transmission line measurement (TLM) test pat-
terns. For the p-contact, Ni/Au was deposited followed by a 5min
500 �C hot-plate annealing. The p-contact resistivity was mea-
sured to be 2� 10�2Ω cm2. Individual emitter and detector devi-
ces with the same epilayer structure but with active areas of
(100� 100 μm2) and (200� 200 μm2) were first fabricated. The
schematic cross section of these emitter/detector devices is
shown in Figure 1a. In Figure 1b, we have plotted their emission
power and responsivity as a function of wavelength. For these
measurements, we used sapphire-side illumination or light col-
lection. As can be seen from the inset in Figure 1b, at a current of
10mA, the output power of the emitter varies nearly linearly with
the pump current. The detector responsivity peaks at 1mAW�1

(at λ¼ 250 nm) and falls approximately by a factor of 103 by
λ¼ 280 nm. As can be seen from the data of Figure 1, despite

their peak response wavelength difference, there is enough of
an overlap in these spectra, so the same MQW epilayer structure
can be used as both the emitter and detector.

Using the epilayer structure for the devices shown in
Figure 1a,b, we fabricated equidistant pairs of monolithically
integrated UVC emitters (100 μm� 100 μm) and detectors
(200 μm� 200 μm). In Figure 2a, cross-sectional view of such
a linear array is shown. When an emitter is forward biased, a
portion of the emitted light trapped within the material was
expected to be guided through the n-Al0.65Ga0.35N layer.[6] In
our experiment, this guided light leads to the generation of a
photocurrent at the reverse-biased detector, confirming optical
emitter–detector coupling through the n-Al0.65Ga0.35N contact
layer. To confirm that this signal was due to the guided radiation
within the epistructure and not free-space transmission, we mea-
sured the signal with only the adjacent emitter forward biased.
The signal was measured again after applying a UV-absorbing
paint (acetone solvent, strongly absorbing at 280 nm[9]) to the
mesa edge of the detector nearest to the emitter, covering the
detector’s sidewall. A 12 μm probe tip under 20� magnification
was used to apply the paint. No change in photocurrent was expe-
rienced with and without the UV-absorbing paint, confirming the
absence of free-space transmission. The UV-absorbing paint will
also be on the AlGaN. As the paint has a higher refractive index
than air, it would have the effect of extracting light out from the
waveguide before reaching the detector, thereby leading to a
lower photocurrent. However, as we did not observe a photocur-
rent decrease, we also preclude this possibility.

To investigate the directional dependence of the in-plane UVC
radiation, we fabricated another test structure composed of a
10� 10 array of identical devices, as shown in Figure 3a. In
this design, the devices had a diameter of 35 μm with a
center-to-center spacing of 52 μm. One of the central devices
was then forward biased, and the photocurrent was measured
using the surrounding array of devices in both the cardinal
and oblique directions. The data of Figure 3b show the photosig-
nal as a function of the angle with respect to the central emitter.
As the detected power at any distance is independent of the prop-
agation angle, the UVC emission radiates equally in all directions
away from the emitter.

Figure 1. a) Device cross section. b) Standalone emitter–detector
responsivity as a function of wavelength.

Figure 2. Cross-sectional view of monolithically integrated devices and the
optically coupling n-Al0.65Ga0.35N contact layer.
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3. n-AlGaN UVC Waveguide Losses and
Attenuation Coefficient

3.1. Optical Loss Analysis

Combining the preferential lateral extraction of 280 nm light[12]

and the directionally independent power dependence, a circular
model of the propagation of light for our planar waveguide inter-
connects was adopted. Simulations in the literature have also pre-
dicted primarily the strongly confined propagation of UV
radiation to the Al0.65Ga0.35N epilayer using the AlGaN-on-AlN
platform.[6] We then developed a simple model that would allow
for the estimation of the attenuation coefficient based on the
Beer–Lambert law. Approximating the emitters as point sources
with the known source–detector distance, the fraction of light
reaching the detector in a lossless medium can be estimated as

Fraction of light ¼ Detector length
2πr

(1)

where r is the source (emitter)–detector spacing, which repre-
sents the radius of the 2D circular wavefront of the guided light.
Assuming a constant emitter–detector photon coupling for each
emitter–detector pair yields the following proportionality for the
detector photocurrent in a lossless waveguide

Iphoto; idealðplanarÞ ∝ Ipump (2)

where Iphoto,ideal is the expected current at the detector and Ipump

is the emitter pump–current. The Beer’s law description of light
propagation intensity, e(�αr), is now used, where α is the attenua-
tion coefficient. Thus, a ratio of the measured-to-ideal photocur-
rent resolves to Equation (3)

Iphoto;measured

Iphoto;idealðplanarÞ
∝ e�αr (3)

which considers the absorption of light within the material.
Applying an exponential fit to Equation (3) as a function of
emitter–detector spacing (r) on a semilog plot, we can estimate
the optical attenuation coefficient of the planar waveguide.

Several mechanisms can give rise to the experienced attenua-
tion in these planar waveguides. The mechanisms studied
include Rayleigh scattering at the n-Al0.65Ga0.35N–air and
n-Al0.65Ga0.35N–AlN interfaces; free-carrier-based absorption;
and the intrinsic material absorption of light by the
n-Al0.65Ga0.35N waveguide layer, which is expected to be weak
at λemission¼ 280 nm.

An early analytical model developed by Tien for estimating
Rayleigh scattering losses at both the top and bottom waveguide
interfaces was used to investigate its contribution to the total
losses.[13] First, the surface properties of the waveguide film,
K, were defined as

K ¼ 4π
λðcmÞ ðσ

2
1,2 þ σ21,0Þ1=2 (4)

where σ1,2 and σ1,0 are, respectively, the Al0.65Ga0.35N–air and
Al0.65Ga0.35N–AlN interface root mean square (RMS) roughness.
We can obtain the power attenuation per unit length by dividing
the power lost by surface scattering, Pss, at the two interfaces

Pss ¼
c
8π

n1E2
yK2 cos3 θ1 (5)

by the total power flow in the film for any waveguide mode

Ptotal ¼
c
4π

n1E2
y sinðθ1Þteff (6)

where c is the speed of light; n1 is the refractive index of the wave-
guide medium; Ey is the amplitude of the electric field; θ1 is the
angle of incidence; and teff is the effective thickness of the wave-
guiding epilayer, considering both the Goos–Hänchen shift and
the layer thickness. The resulting equation for estimating atten-
uation due to surface roughness

αs ¼ K2

�
cos3 θ1
2 sin θ1

��
1
teff

�
(7)

was simplified in this work such that the effective waveguide
thickness was replaced by the actual thickness of the
n-Al0.65Ga0.35N waveguiding layer

Figure 3. a) Top view of the central emitter surrounded by detector
devices. Figure also shows the detector devices in the orthogonal (right,
left, up, and down) and the oblique directions that were measured.
b) Photocurrent as a function of angle between the central emitter and
surrounding detector devices. The maximum difference in measured
photocurrents was 15%.
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αs ¼ K2

�
cos3 θ1
2 sin θ1

��
1

tAlGaN

�
(8)

yielding an estimation of surface-scattering losses based on the
waveguide surface conditions, incident angle of light, and
thickness of the waveguiding layer.

The free-carrier-based loss contribution was estimated using

αfc ¼
Nq3

m�2
e nε0ω2μec

(9)

from the Drude model.[14] Here, N is the free-electron concen-
tration, n is the refractive index of n-Al0.65Ga0.35N, ω is the optical
frequency, μe is the free-electron mobility, q is the elementary
electron charge, me* is the effective electron mass, and c is
the speed of light.

3.2. Estimation of Losses in Our n-AlGaN UVC Planar
Waveguides

We then estimated the attenuation due to Rayleigh scattering at
both the top and bottom waveguide interfaces for our multimode
LED emitters. The values for the ordinary and extraordinary
refractive indices were taken to be 2.25 and 2.5, respectively.
These values were calculated from the Sellmeier equations in
the literature.[15] Using Snell’s law, the critical angles for the
air–AlGaN and AlGaN–AlN interfaces were determined to be
66.42� and 70.05� for trans-magnetic (TM)-polarized light. For
trans-electric (TE)-polarized light, the critical angles of 63.61�

and 70.43� were calculated. As these values are quite close,
we used the angles associated with TM-polarized light in this esti-
mation. The emitted light will first interact with the AlGaN–AlN
interface. We then assumed that light reflected from this specu-
lar surface will propagate within the n-AlGaN waveguiding layer
under the condition of total internal reflection. The geometry of
our emitters permits light to enter the n-AlGaN core at a minimum
angle of �0.06� from parallel to the interfaces. Any light with a
shallower angle is not coupled from the MQWs to the n-AlGaN
waveguide. The light from an LED is incoherently emitted and
is multimode, making the determination of the angle(s) of
incidence difficult. To account for the different incident angles,
a forward travelling ray may propagate at simple boundary
conditions we developed. These boundaries arose from the
critical angle for total internal reflection and the minimum angle
from the MQWs to the n-AlGaN core. These represent the
worst- and best-case scenarios for surface scattering-induced
losses. If the entirety of light propagated at the critical angle, the
worst-case scattering losses were estimated to be about 2 cm�1.
If the light was all propagating at the device geometry-defined
minimum angle, the scattering losses were estimated to be
3.7� 10�8 cm�1. The etched n-Al0.65Ga0.35N surface is the
dominant contributor to these losses as the measured RMS
roughness of the as-grown AlN is 3 times smoother.

For the contribution from free-carrier-based absorption, we
used the dopant range of 1–2� 1018 cm�3 and calculated corre-
sponding mobilities of 244 and 122 cm2 (V s)�1. The mobility
was calculated from the measured sheet resistance and thickness
of the n-AlGaN layer. We used the extraordinary refractive index
(n¼ 2.5) and determined the effective mass of electrons to be

about 0.336m0 based on the literature.[16] This leads to
free-carrier absorption losses between 2.4 and 9.4 cm�1.

3.3. Measurement of Our n-AlGaN UVC Planar Waveguide
Losses

To investigate the optical losses of our planar n-Al0.65Ga0.35N
waveguides, we fabricated emitter–detector pairs with the device
structures of Figure 1a. Each set of devices had varying distances
between the active regions (see Figure 4a). The active regions of
the emitter and detector were in direct line of sight. The ICP-RIE
etching process used to access the n-Al0.65Ga0.35N contact/
optically coupling layer produced an RMS surface roughness
of 2.5 nm, as measured by AFM.

An emitter pumping current of 10mA was used, and the
detector was reverse biased to 0.5 V. Using Equation (1)–(3)
described earlier and plotting the resulting ratio of the measured
to ideal photocurrent on a semilog plot, shown in Figure 4b,

Figure 4. a) Micrograph image of the measured device layout. Two iden-
tical test setups are shown. b) Photocurrent (circles) and attenuation
(squares) as a function of emitter–detector spacing which was varied from
100 μm to 3.7 mm.
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provided an initial estimation of the overall planar waveguide
attenuation coefficient. The value of the extracted attenuation
coefficient was α¼ 5–6 cm�1 (�22–26 dB cm�1) at λ¼ 280 nm.
Losses of this order establish the feasibility of using AlGaN
on AlN/sapphire templates for practical applications such as
UV surface gas/chemical sensing as the chip dimensions are
typically small.

As the dominant loss mechanism in our planar
n-Al0.65Ga0.35N waveguides appears to arise from free-carrier
absorption, the use of undoped waveguiding regions should lead
to a significant reduction. The roughness of etched surfaces in
AlGaN can also be improved substantially by optimizing the RIE
process.[17,18] We believe that these changes should decrease the
losses to less than about 10 dB cm�1 which is required for inte-
grated optics applications such as ring resonators.[14]

We also note that these two mechanisms comprise almost the
entirety of the experienced optical losses in our test structures,
suggesting that intrinsic Al0.65Ga0.35N planar waveguides may be
highly transparent at UVC wavelengths.

4. Conclusions

In summary, we have demonstrated monolithically inte-
grated UVC emitters and detectors coupled through an
n-Al0.65Ga0.35N waveguide. We experimentally established the
directionally independent radial light propagation in the epistruc-
ture. Then, using an in-plane circular transmission model in
conjunction with the Beer–Lambert law, we estimated the mul-
timode attenuation coefficient of our n-Al0.65Ga0.35N planar
waveguide to be 2–9 cm�1 at λemission¼ 280 nm. This value is
in good agreement with the value of 5–6 cm�1 which was mea-
sured using only monolithically integrated emitter–detector
pairs. We also show the losses to primarily arise from the
Rayleigh scattering at the upper and lower waveguide interfaces
and the absorption of light due to free carriers. The dominant
mechanism for losses was inferred to be from free-carrier-based
absorption.
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