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Reactive-ion-etched gallium nitride: Metastable defects and yellow
luminescence
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Gallium nitride has been reactive-ion etched with SF6 and argon plasmas. The Ar-etched samples
show a striking transition from a dominant blue luminescence band to a dominant yellow
luminescence band after less than 5 min of low power illumination. The observation of metastable
defects which are associated withboth the yellow and blue bands has important consequences for
our understanding of defect-related luminescence in gallium nitride. ©1999 American Institute of
Physics.@S0003-6951~99!00747-0#
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Gallium nitride~GaN! is a wide band gap semiconduct
with a tremendous range of possible applications. It ha
direct band gap of;3.5 eV which makes it suitable for blu
light emitting devices, including light emitting diodes an
laser diodes.1 A great deal of attention has been focused
the study of defects in GaN because of their potential
control device properties. However, an outstanding prob
is that there is currently no generally accepted understan
of the defect-related yellow luminescence. Various mod
have been proposed2–9 but none seems to account forall the
available data.

Reactive ion etching~RIE! is an important tool for de-
vice fabrication. We have previously developed a succes
RIE process for GaN based on a SF6 plasma.10 Although
both donors and acceptors were introduced we have sh
that our process does not destroy the band edge photol
nescence~PL!—this is a necessary condition for fabricatio
of efficient optical devices. In this letter we report on belo
band gap PL from GaN after RIE using SF6 and argon plas-
mas. Under illumination with ultraviolet~UV! laser light the
below band gap PL from the etched samples exhibits a
matic shift from a dominant blue luminescence~BL! band to
a dominant yellow luminescence~YL ! band, i.e., metastabl
defects are created. The clear link between the YL and
bands provides a new test for theories of the YL.

Our samples are 2.5-mm-thick nominally undoped GaN
grown by metalorganic vapor phase epitaxy onc-plane sap-
phire substrates. Our previous studies10 focused on the use o
SF6 as an etching gas with a power density of 0.45 W/cm2,
pressure 15 mTorr, and flow rate 40 sccm, resulting in
direct current~dc! bias of2440 V. In this work we compare
a sample etched for 2.5 min in the SF6 plasma at2440 V
@labeled SF6 ~440 V!# with two samples etched for 2.5 min i
an argon plasma under conditions resulting in dc biase
2440 V @Ar ~440 V!# and 278 V @Ar ~78 V!#, and an un-
etched sample. Since the dc bias controls the energy o
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ions impacting on the GaN, and the argon plasma is belie
to be inert, we are able to control and investigate the rela
importance of the chemical etching and physical bomba
ment mechanisms that are intrinsic to the RIE process.

The experimental arrangements are similar to those
our previous work.10 One difference is that a Spex Minimat
0.25 m single grating spectrometer was used to obtain
~; 1 min! scans across a broad spectral range~3.5–1.8 eV!.
This allows us to measure the time dependence of the s
tra. The focused laser spot has a diameter;1.3 mm.

Figure 1 shows the time dependence of spectra from
Ar ~440 V! sample under low power UV illumination. Thi
sample has by far the brightest YL and is the only sample
show YL at room temperature. A very clear transition
visible from the BL at;3.0 eV to the YL at;2.2 eV as a
function of time. Although the relative intensities of the B
and YL clearly depend on the spectral response of the op
components employed, we believe that Fig. 1 gives a rea
able qualitative representation of what is observed by
naked eye: the illuminated spot is initially bright blue an
becomes bright yellow after less than 5 min. Due to lo
~;1 min! scan times in Fig. 1, quantitative data on the tra

FIG. 1. Evolution from BL~;3.0 eV! to YL ~;2.2 eV! at 24 K over 17 min
with Plaser51.4 mW. The change is visible to the naked eye after less t
5 min. Band edge PL~UV band! is not shown.
5 © 1999 American Institute of Physics
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sition from BL to YL is obtained from decay curves me
sured at fixed energy~Fig. 2!. When kept at low tempera
tures the spot continues to emit yellow light~when
reilluminated! for at least 12 h, the longest time tested
date. Similar behavior is observed in the Ar~78 V! sample.
These properties indicate that the Ar-etched material has
tential for optical memory applications.11

Figure 2~a! compares BL decay curves for the Ar~440
V!, SF6 ~440 V!, and unetched samples. The behavior of

FIG. 2. Normalized time dependence of the BL~a! and YL ~b! at 24 K with
Plaser55 mW. For clarity, only every 10th data point is shown. Empirica
it is found that the data can be fitted with either biexponential~for the BL!
or exponential~for the YL! curves, enabling decay rates to be quantified

FIG. 3. PL over a wide spectral range from all four samples at 24 K after
transition from BL to YL has been completed. Note the log scale. The
and bound excitons are not resolved and contribute to the peak near 3.4
The BL appears weaker than in Fig. 1 because the photomultiplier tube
here has a lower blue sensitivity. Weak peaks at 3.51 and 3.40 eV are d
scattered light from imperfectly filtered additional laser lines~many orders
of magnitude weaker than the main line at 333.8 nm!.
o-

ll

three samples is comparable, although the decay is slig
faster for the Ar~440 V! sample. The decay curves in Fig
2~a! have been normalized to enable comparison—note
the absolute intensities are very different~see later!. The ob-
served decay rates increase approximately linearly with
creasing laser power~not shown!. Figure 2~b! shows the nor-
malized time dependences for the YL. The characteri
times for the two etched samples are again similar, but the
~440 V! sample changes more quickly and exhibits a lar
relative change in intensity. The unetched sample sho
clearly different time dependent behavior—the illuminati
intensity dependence for this sample is, however, com
cated and is under further investigation.

The rapidly changing BL and YL bands ensure th
meaningful comparison between samples can only be m
at long times. Figure 3 compares broadband low-resolu
spectra from all four samples after illumination for 20 m
with 20 mW illumination to ensure that each sample is in t
final state of the transition from the BL to the YL. The ban
edge PL is observed at around 3.47 eV in each sample~we
will refer to this as the UV PL!. The weaker peaks observe
in the range 3.1–3.4 eV will be discussed elsewhere. The
an enormous variation in the strength of the UV PL betwe
samples—the Ar-etched samples exhibit UV PL and Y
which is much brighter than for the unetched and SF6 etched
samples. At long times the BL band is weak in all sampl
The intensities of the UV PL, BL, and YL after a long perio
of illumination are summarized in Table I.

Figure 4 shows the band edge PL in more detail.
discussed previously10 the unetched sample shows the A1

exciton at 3.477 eV, B1 exciton at 3.483 eV, and negligibl
luminescence from bound excitons. The temperature dep
dence of the spectra from the etched samples allows u
identify the peaks at 3.471 and 3.460 eV with donor bou
exciton (D0X) and acceptor bound exciton (A0X) peaks, re-
spectively. Spectra from both Ar-etched samples are co

e
e
eV.
ed
to
FIG. 4. Comparison of band edge PL spectra at 24 K withPlaser55 mW.
Note the multiplier on the right-hand side.

TABLE I. Comparison of UV PL, BL, and YL peak intensities for eac
sample after the transition from BL to YL has been completed.

UV BL YL UV/BL UV/YL YL/BL

Ar ~440 V! 4.63106 1.43104 5.23105 340 8.8 39
Ar ~78 V! 7.03106 1.03104 1.13105 700 64 11
SF6 ~440 V! 1.23105 8.03103 2.53104 15 4.9 3.1
Unetched 3.93105 4.73103 6.23103 82 62 1.3
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pletely dominated by theD0X peak indicating an enormou
increase in the number of donors in these samples. N
however, that the free excitons A1 and B1 have not been
eliminated, they aremaskedby the D0X peak at low tem-
peratures. The UV PL is not observed to vary significan
with time.

Table I and Figs. 3 and 4 clearly show that the stren
of the YL correlates to some extent with the strength of
D0X peak—when compared with the unetched sample
etched samples show an absolute increase in theD0X inten-
sity and an increase in the YL. This suggests that the YL
in some way related to the presence of donors in the mate
The picture is, however, complicated by the different inte
sity ratios UV/YL ~see later!. Note that the SF6-etched
sample has the weakest UV PLand YL of the etched
samples, indicating that fewer donors have been introdu
Possible explanations include a lower production rate of
nors during etching due to the greater size of the SF6 mol-
ecule or continual removal of surface material, including
troduced donors, by the SF6 plasma ~it is an efficient
etchant10 whereas the argon plasma is inert!.

The metastable defects, BL to YL transition, and dec
times induced here by RIE appear to have strong similari
to those observed recently in unetched GaN.12 Although it
has not been investigated in detail, a BL band has commo
been observed3,4,5,12–14in conjunction with the YL. In addi-
tion, the weakness of the BL~after long or intense UV
exposures—Fig. 3! makes it likely that BL can be observe
in other samples with more careful measurements. Hence
believe that any model of the YL must also be able to
count for the existence of the BL and allow for the possib
ity of a transfer of intensity from BL to YL.

We now turn to a comparison of our data with propos
models of the YL. In the simple model proposed in Refs
and 3 the intensity ratio UV/YL}ND /NT whereND is the
donor concentration andNT the concentration of deep trap
This model suggests that the similar UV/YL ratio but ve
different UV and YL intensities~Table I! for the unetched
and Ar ~78 V! samples can be explained by a simple co
pensation effect (NT}ND), consistent with the results o
Ref. 3. The much smaller UV/YL ratios for the SF6 ~440 V!
and Ar ~440 V! samples are not, however, consistent w
NT}ND . In this model2,3 the reduced UV/YL ratio suggest
an increased density of deep traps, withNT}ND

i and i .1.
This might be consistent with the proposal thatNT}ND

3 for
Ga vacancies.3,7 For large ion energies~440 V! it would
appear that the compensating center~deep trap! is more
strongly activated~or that there are stronger nonradiati
processes affecting free carriers! than in the unetched and A
~78 V! samples. Note, however, that neither this mode2,3

nor many of the others that we are aware of,4–8 are able to
explain either the BL or the metastable nature of the def

Glaseret al.9 found evidence for a deep donor state a
their model~Fig. 10 in Ref. 9! of a metastable donor/dee
donor state could account for both the BL and YL if th
acceptor were a deep~;0.9 eV—as in Ref. 4! rather than a
shallow~;0.19 eV! acceptor state. However, since theD0X
peak intensity does not change significantly with time,
suggest that the donors themselves arenot metastable and so
play anindirect role in the YL.
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We note finally that:~1! The characteristic times ob
served here~Fig. 2! are comparable to the rise time for th
persistent photoconductivity~PPC! effect observed in GaN
Since the mechanisms of PPC15 and the optical memory ef
fects observed in GaN11 must involve metastable deep d
fects, it seems likely that the same mechanism is respons
for the transition from BL to YL observed here and in Re
12. ~2! It is interesting to speculate on the relationship b
tween our results and the observed transition from YL to
with increasing hydrostatic pressure.14 A model of meta-
stable defects which includes lattice relaxation16 might also
explain a change in defect state with increasing pressure

In conclusion, metastable defects have been introdu
into GaN by RIE. The defects contribute to both the blue a
yellow PL bands and the data provide a stern test for theo
of the ubiquitous YL. Further theoretical developments m
include a detailed model of compensating centers and la
relaxation.
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