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Optical absorption and oxygen passivation of surface states in llI-nitride

photonic devices
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Il-nitride surface states are expected to impact high surface-to-volume ratio devices, such as nano-
and micro-wire light-emitting diodes, transistors, and photonic integrated circuits. In this work,
reversible photoinduced oxygen desorption from III-nitride microdisk resonator surfaces is shown to
increase optical attenuation of whispering gallery modes by 100cm ™" at 4 =450 nm. Comparison of
photoinduced oxygen desorption in unintentionally and n*-doped microdisks suggests that the spec-
tral changes originate from the unpinning of the surface Fermi level, likely taking place at etched
nonpolar II-nitride sidewalls. An oxygen-rich surface prepared by thermal annealing results in a
broadband Q improvement to state-of-the-art values exceeding 1 x 10* at 2.6eV. Such findings
emphasize the importance of optically active surface states and their passivation for future nanoscale
II-nitride optoelectronic and photonic devices. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.orgllicenses/by/4.0/). https://doi.org/10.1063/1.5022150

I. INTRODUCTION

The proliferation of III-nitride semiconductor optoelec-
tronics for solid-state lighting has encouraged research and
development of small length scale devices for new applica-
tions. Examples include nanowire light-emitting diodes
(LEDs) for lighting' and nanolasers,” high frequency transis-
tors for power electronics,”* and nanophotonics for photonic
integrated circuits.” However, these additional application
opportunities for small devices are paid at the expense of an
increased surface-to-volume ratio. In the case of optoelec-
tronic and photonic devices, surface absorption is expected
to gain relative importance as one or more physical dimen-
sions approach the wavelength of light in the material.

Surface states usually result from the termination of an
infinite periodic semiconductor lattice. Such states, charac-
terized by spatial localization at the surface, may have ener-
gies falling within the electronic band gap of the bulk crystal
and exhibit crystal orientation dependence due to the direc-
tionality of covalent bonds.® Since any practical device must
be connected to the outside world by at least one interface,
surface states and their passivation have been investigated
extensively for applications ranging from Schottky contact
optimization’ to the minimization of surface recombination
in optoelectronics.® Compared to the half century of develop-
ment in silicon and III-arsenide semiconductors, passivation
techniques for the decades-old Ill-nitride semiconductors
remain an ongoing research topic.

Material-specific surface treatments greatly benefited nano-
optical resonators fabricated from silicon’ and gallium arse-
nide.'” In such resonators, an optical cavity with wavelength
scale dimensions is constructed by patterning the high refractive
index semiconductor into disk'' or photonic crystal geome-
tries.'*'® The electromagnetic standing waves in the resonator
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exhibit high electric field intensity at the semiconductor-air
interface, enhancing the interaction between the optical wave
and the surface.'* Generally, the quality factor Q = Eo/AE serves
as the resonator figure-of-merit, where E, is the resonance
energy and AFE is its full width at half maximum (FWHM).
Various broadening mechanisms diminish the experimental Q,
which, for nanophotonic resonators at short wavelengths, sub-
stantially departs from that calculated by theory.'>'® The loss
contributions are typically accounted for by the empirical for-
mula Q! = Q,;l +Q;bls +Q;Cl’ where Q,, is the Q factor
derived from theoretical electromagnetic calculations, Qs
describes the contribution from both bulk and surface state
absorption, and Q. accounts for scattering loss caused by sur-
face roughness."”

Past research on GaN-based nanophotonic structures has
identified several candidate loss channels that may limit
experimental @ at high energies or short wavelengths
(2.5-3eV/400-500 nm). Such issues may also apply to recent
AlIN-based photonic devices designed for the UV."*2° In
GaN, Puchtler et al. advocated a correlation between the dis-
location defect density and experimental Q.?' Other authors
proposed residual absorption in bulk GaN*?* and/or surface
roughness at short wavelengths as the main responsible mech-
anism.>** We recently quantified losses in GaN photonic
nanostructures and showed that the dominant loss mechanism
is linked to the III-nitride semiconductor surface.'® This work
examines the impact of optically active surface states on whis-
pering gallery resonances in III-nitride microdisks via revers-
ible photoinduced oxygen desorption from the GaN surface.

Il. EXPERIMENTAL SYSTEM

II-nitride microdisk resonators [Figs. 1(a) and 1(b)] are
fabricated from Il-nitride epilayers grown on silicon (111) in
which a single InGaN/GaN quantum well (QW) serves as an
internal light source. The microdisks are mounted in a

© Author(s) 2018.
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FIG. 1. Physical and optical properties of the studied microdisks. (a) Schematic of epilayer and microdisk dimensions employed in this study. (b) Scanning
electron microscopy (SEM) image of the fabricated microdisk observed at 85° from the vertical. (c) Typical photoluminescence spectrum at 5 K under optical
pumping at 460 W/ecm? with a 325 nm cw laser. (d) Simulated electric field intensity profiles in the xy plane at the microdisk center (top) and xz (bottom) planes
for modes calculated at 2.762 eV (blue) and 2.759 eV (red) shown for discussion purposes. The scale bars represent 500 nm.

commercial closed cycle helium cryostat (Cryostation C2 from
Montana Instruments, Inc.) and are pumped nonresonantly by a
continuous wave (cw) HeCd laser emitting at 325 nm using a
UV microphotoluminescence (uPL) setup. Details about the
sample growth, fabrication, and measurement apparatus can be
found in the supplementary information.

Figure 1(c) shows a typical microdisk uPL spectrum
measured at 5 K under 460 W/cm? illumination and high vac-
uum (<1 x 107> mbar). Microdisk resonances appear as
sharp peaks superposed on a broad QW PL background.
Modes on the high energy side of the QW peak diminish in
relative intensity and broaden, likely due to absorption in the
QW shifted by the quantum-confined Stark effect.”*** For a
disk radius R=1.5um and effective refractive index
ner= 2.1, the free spectral range is /12/2angff, approximately
64meV (10nm) at 2.8 eV/440 nm. Therefore, the high peak
density can be attributed to two factors: the small silicon
post diameter resulting in modes with multiple radial nodes
and the large relative thickness of the epilayers (~34/n.q),
resulting in modes with multiple vertical nodes. Based on the
vertical position of the QW in the epilayer stack, the QW is
expected to most strongly couple to the fundamental trans-
verse electric (TE) polarized mode; however, coupling to
higher odd-order TE modes and residual coupling to trans-
verse magnetic (TM) modes cannot be excluded.'!

UPL spectra of nominally identical microdisks do not
exhibit the same peak number and positions. In order to inves-
tigate the causes of non-reproducibility, theoretical 3D finite-

difference time-domain (3D-FDTD) simulations®® incorporat-
ing the experimental epilayer thickness, disk geometry, and
material refractive index reveal sensitivity to silicon post size
fluctuations. This is likely caused by the high refractive index
and loss in silicon in the blue (7 = 5.2 4+ 0.7i at 2.76eV/
450nm).*” Additionally, the combination of the tensile strain
release in the as-grown epilayers at the free microdisk edges
and possible asymmetry of the silicon post due to the fabrica-
tion process causes an upward bowing of the microdisk
(<20nm). Such complications preclude the identification of a
specific experimental peak with a simulated electric field pro-
file. Therefore, the simulated electric field intensity profiles in
Fig. 1(d) serve as aids in the visualization of possible electro-
magnetic mode profiles and should not be associated with a
specific experimental resonance. However, such simulations
suggest that each mode should probe the surface and volume
with different sensitivity as a result of varying normalized
electric field intensities at the semiconductor surface.

lll. RESULTS AND DISCUSSION
A. Photoinduced oxygen desorption

Under cw optical pumping at 4.6kW/cm? under high
vacuum (<1 x 1073 mbar) at room temperature, the micro-
disk modes redshift and broaden over time as shown in Figs.
2(a, left panel) and 2(b) up to =30 min. The modes do not
recover their original lineshape if left in vacuum in the dark,
even after waiting for several hours. Furthermore, direct
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temperature measurements by power-dependent Raman
spectroscopy with the HeCd pump laser indicate that the
apparent degradation cannot be ascribed to a thermal effect.
Another striking feature is that the modes shift at different
rates, likely due to the differing electric field intensity pro-
files [c.f. Fig. 1(d)].

Interestingly, the initial resonances are reestablished by
the injection of 99.9999% pure oxygen gas into the cryostat
at 100 mbar, as shown in Fig. 2(a, right panel). The evolution
of the mode resonance spectrum after 0, 30, and after recov-
ery by oxygen injection (54') is displayed in Fig. 2(c), show-
ing the near complete reversibility of the photodesorption
phenomenon in oxygen. As whispering gallery modes are
sustained by the high refractive index contrast interface at
the microdisk edge, the broadening and redshifting can be

30" 35 40 45 5

A FWHM (ueV)

J. Appl. Phys. 123, 113103 (2018)

FIG. 2. Nearly reversible redshift and
broadening of microdisk resonances
1 . caused by photoinduced desorption and
adsorption of oxygen from Ill-nitride
surfaces at room temperature. (a)
Normalized PL time dependence under
high vacuum (<10~ mbar) using
optical pumping at 4.6kW/cm?® with a
325nm cw laser shown with the quan-
tum well PL background removed.
At t=30min, O, is injected. (b)
Linewidth and broadening extracted
from Lorentzian lineshape fits for two
selected modes. (c) uPL spectra at t=0
(A), t=30 (B), and =54 (C) minutes.
(d) Schematic of upward band bending
and density of states (DOS) due to
Fermi level Ef pinning caused by a high
density of unoccupied surface states
(SS,) below the conduction band (CB)
minimum on the m-plane GaN surface
in thermal equilibrium in the dark. A
second filled band of surface states (SS;)
is expected below the valence band
(VB) maximum.

attributed to a change in the semiconductor’s optical proper-
ties at the semiconductor-vacuum interface. Since the injec-
tion of oxygen restores the original optical spectrum, the
spectral changes must be linked to oxygen adsorbed on the
semiconductor surface. Any small differences in spectra at
t=0and t = 54’ could be attributed to more complex surface
physics which may alter the surface density of states, such as
desorption of species other than oxygen or photoinduced
chemisorption. Note that the UV-induced adsorption and
desorption of oxygen gas has been observed previously on
both +c- and m-plane GaN surfaces.”*?’

Although the corresponding electric field intensity pro-
files remain unidentified, the broadening induced by oxygen
desorption in Fig. 2(b) can be translated into a quantitative
estimate of the change of absorption coefficient (Ac). The
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FIG. 3. Photoinduced desorption under high vacuum (<1 x 103 mbar) for 4.6 kW/cm? cw 325 nm illumination of microdisks fabricated from nid (a) and n*
(b)-doped GaN epilayers. (c) Redshift time dependence for selected modes. (d) SEM profile of 4.0 um diameter disks with 1.2 um diameter silicon posts.

change in the quality factor Qazl = AEy, /Ey is proportional
to Ao

4 AAa
0, —

 2mng D
Evaluation of Eq. (1) using Eyg=2.762eV (L=449.0nm),
ngr=2.1, and AEp, = I meV leads to an absorption coeffi-
cient change Au=100cm ' after 30/, beyond which time
the reduced mode amplitude relative to the QW uPL back-
ground precludes further quantitative estimates. As the initial
linewidth is 0.8 meV, optical absorption by surface states
becomes the dominant loss mechanism when oxygen is
desorbed.

The changes in near-surface optical properties can be
linked with past surface science studies of GaN surfaces with
and without oxygen adsorption. In GaN, Fermi level pinning
exists because of a high density (~1 x 10" cm™2)*! of intrin-
sic, unoccupied surface states below the conduction band mini-
mum [Fig. 2(d)].*** Past experiments corroborate theoretical
calculations; optically active surface states on +c- and m-plane
GaN surfaces exist at 2.4 and 2.9 eV, respectively, less than the
GaN bulk band gap of 3.4eV.*'** Since the Fermi level must
be flat in thermal equilibrium in the dark, a positive barrier (¢,)
is formed at the semiconductor-vacuum interface, as illustrated
schematically in Fig. 2(d) for the m-plane.>*** A schematic

with bent bands is also expected to remain applicable under
4.6kW/cm? UV optical pumping because the photogenerated
carrier concentration of 8 x 10'> cm ™ remains below the donor
concentration in the unintentionally doped GaN layers (nid,
N,=3 % 10" cm ™) due to fast nonradiative carrier recombina-
tion (tp; < 50 ps) in the thin IIl-nitride on silicon epilayers at
room temperature.

Oxygen desorption has been shown to modify intrinsic
GaN surface states and, accordingly, the Fermi level pinning at
the GaN surface. Past measurements confirm that ¢, can be
changed following oxygen exposure on pristine GaN crystal
facets: from 0.6-1.0 to 0.2 eV for the m-plane,*** from 1.0 to
0.9 for the c-plane,36 and from an unknown value to 1.1eV for
the a-plane.”’ Furthermore, the present experimental system
likely exhibits additional extrinsic surface defects due to chemi-
cal contamination and damage from clean room processing,
which could be removed or passivated by anisotropic wet etch-
ing*®* or atomic layer deposition*” in future work. Although
similar measurements do not exist for GaN, polarization depen-
dent reflectance measurements of silicon*' and GaAs surfaces*”
indicate that sub-gap optical absorption by surface states is
strongest when the electric field vector is perpendicular to the
surface. Therefore, one could expect the m-plane to be domi-
nant for TE-like microdisk modes. In any case, the negatively
charged surface is compensated by an adjacent, depleted space
charge region (SCR), ensuring charge neutrality. Since oxygen
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desorption modifies the Fermi level pinning, the SCR width
changes in response; therefore, the doping dependence is
studied in order to pinpoint the spatial region which causes
the observed modes’ redshift and broadening upon oxygen
desorption.

B. Doping dependence

Doping the GaN epilayers changes the width w of the
SCR created by Fermi level pinning at both the polar and
nonpolar surfaces of n-GaN. w can be estimated in the abrupt
junction approximation to be inversely proportional to the
square root of the donor concentration (N’

[2€0€,
= _ 2
w q2Nd ¢b7 ( )

where ¢ is the vacuum permittivity, ¢, is the low frequency
relative permittivity of the semiconductor, and ¢ is the ele-
mentary charge. Therefore, the spectral changes induced by
reversible oxygen desorption in nominally identical nid and
heavily Si-doped (n", Ny~ 3 x 10"®cm ) GaN epilayers in
the microdisks are compared. w(t=0) is expected to be
greater than 140nm and 8 nm for nid and n* GaN, respec-
tively. Taking the characteristic radial length scale of the
whispering gallery resonances to be the inter-node distance
of electromagnetic waves in the semiconductor, L., =4/
2n.5~ 100 nm, substantial overlap between the SCR and the
whispering gallery resonances is expected for nid GaN,
while reduced overlap is expected for the n* material. Even
in the unlikely scenario that ¢, were to increase from 0.2 eV
to 1.0eV, corresponding to full oxygen desorption for m-
plane GaN, w would increase to 18 nm for n* doping, a value
substantially smaller than L,,,. Therefore, if the SCR were to
comprise a dominant contribution to the optical changes
during photodesorption, smaller redshift rates should be
expected for the n* microdisks.

Figure 3 examines the doping dependence of oxygen
desorption for nid (a) and nt (b) samples under 4.6 kW/cm?
cw 325nm optical pumping, vacuum <1 x 10~ mbar, and
at room temperature. Two additional samples were prepared
side-by-side to minimize discrepancies originating from
cleanroom processing. 4 um diameter disks with 1.2 um
diameter silicon posts [Fig. 3(d)] were selected due to the
smaller relative silicon post diameter on this batch of sam-
ples. The nid and n" doped microdisks’ fastest shifting
modes exhibit similar redshift rates of up to 1meV over
10 min. Thus, the SCR does not appear to contribute substan-
tially to the redshift, confirming that optical shifts induced
by oxygen desorption are exclusively localized to a single
region, the semiconductor surface.

The time dynamics differ for the nid and n* material: the
nid microdisk resonances, as in Fig. 2, linearly redshift with
time, whereas the " redshift rates increase with time, exhibit-
ing a linear time dependence only after about 10 min. This
behavior can be attributed to poor hole transport because of
the high dislocation density of thin III-nitride epilayers grown
on silicon (3 x 10'°cm™2).'® Outside the SCR, the minority
carrier diffusion length is projected to be <20nm.* Thus,
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FIG. 4. Photoluminescence energy and surface treatment dependence of qual-
ity factor measured at 5K under 325 nm cw optical pumping at 460 W/cm>.
Two surface treatments are examined sequentially on the same sample (a),
49% buttered hydrofluoric acid (red) followed by annealing in NH; and O, at
750°C (blue). Dashed lines are linear regressions and solid lines show the
energy cutoff. (b) uPL signal and Lorentzian fit for a high-Q mode at 2.6eV.
The spectrometer resolution corresponds to a Q of 14 000.

only holes photogenerated in or close to the depletion region
near the semiconductor surface may contribute to the oxygen
desorption phenomenon. Recent work suggests that transport
from within the SCR to the surface is expected to occur on
similar timescales to those presented here due to hopping via
discrete states in the SCR.** Thus, the change in the redshift
rate of the n* material with time may originate from an
increase in the SCR width w beyond a threshold value corre-
sponding to the characteristic transport length in the SCR.
Most importantly, given that the presence of oxygen reduces
surface state optical losses, the last experiment examines the
effect of oxygen-based surface treatments.

C. Surface passivation

Following a literature review of cleaning techniques for
c-plane GaN surfaces, two surface treatments are compared
sequentially on the nid 3 um diameter microdisks presented
in Fig. 1(a). Preparation in 49% buffered hydrofluoric acid
(BHF) for one minute and rapid thermal annealing in NHj
and O, for 5 min each at 750 °C should be expected to yield
surfaces with low and high oxygen content, respec-
tively.*~*7 Figure 4 compares the energy dispersion of Q for
the two surface treatments at 5K and 460 W/cm? excitation
intensity. Figure 4 reports the highest 15% of observed Q
values over seven nominally identical microdisks in order to
exclude higher order radial modes that may have substantial
overlap with the absorptive silicon post. At 5K, no photoin-
duced oxygen desorption is observed with the HeCd pump
laser. Figure 4 reveals that the high oxygen content surface
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treatment improves the maximum observed Q throughout the
experimental spectral window to new state-of-the-art values
for Il-nitrides”**® exceeding 1 x 10* at 2.6 eV [Fig. 4(b)].
Interestingly, a high energy cutoff around 2.87eV
appears, which can be shifted to 2.92eV by the surface treat-
ment. Furthermore, the position of the high energy cutoff is
consistent with past calculations and measurements pinpoint-
ing a peak joint density of surface states at 2.9-3.0eV for
m-plane GaN surfaces®* and GaN nanowires.*” Although
one could argue that the losses are due to QW absorption
which could be modified during thermal processing, the
annealing temperature remains below the 880°C threshold
expected to alter InGaN/GaN QWs.5 0 Therefore, this shift
provides additional evidence that surface state absorption
constitutes a major loss mechanism for GaN-based nanopho-
tonic resonators at energies approaching 3.0eV.

IV. CONCLUSION

To summarize, the importance of and control over opti-
cally active surface states in GaN microdisk optical resonators
was demonstrated. At room temperature, nearly reversible
oxygen desorption from the GaN surface under vacuum was
induced by UV illumination. Oxygen desorption increased the
optical losses and the refractive index in the blue spectral
range. Doping-dependent oxygen desorption measurements
support the conclusion that the spectral changes originated at
the II-nitride surface. Oxygen-poor and oxygen-rich surface
treatments were compared on the same microdisks, revealing
that an oxygen-rich surface reduced optical losses. These find-
ings bridge the gap between fundamental studies of GaN sur-
faces and practical devices, and may be of further importance
for increasingly miniaturized nitride-based opto-electronics in
research and industry, such as micro/nanowire LEDs and high
power lasers,”" for which GaN surface absorption may be
highly detrimental.

SUPPLEMENTARY MATERIAL

See supplementary material for additional information
on sample preparation and characterization. Additional sec-
tions detail micro-Raman and time-resolved photolumines-
cence experiments and calculations which support the
arguments in the main text.
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