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Comment on ‘‘Recombination of excitons bound to oxygen and silicon donors
in freestanding GaN’’

J. A. Freitas, Jr., W. J. Moore,* and B. V. Shanabrook
Naval Research Laboratory, Washington, DC 20375, USA

~Received 27 March 2003; published 15 April 2004!

In a recent report, Wysmoleket al. @Phys. Rev. B66, 245317~2002!# presented results of a photolumines-
cence study of donors in GaN. Time-resolved data were used to correlate spectral features associated with
recombination processes leaving donors in the ground state and those leaving donors in excited states. The
authors quoted donor 1s-2s and 1s-2p transition energies different from values recently reported and impurity
state chemical shifts inconsistent with expectation. We recently reported@Freitaset al., Phys. Rev. B66,
233311 ~2002!# a different identification of donor-bound exciton features and an analysis of two-electron
satellite features that integrated the effects of excited donor-bound excitons into the analysis. Differences in the
two papers are discussed.
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In a recently published paper, Wysmoleket al.1 ~WEA!
reported data obtained by photoluminescence~PL! studies of
recombination processes involving free and donor-bound
citons ~DBE! in freestanding hydride-vapor-phase epitax
GaN. They proposed that there are three donors in their
terial,D1 , D2 , andD3 , with exciton-donor binding energie
of 7.9 meV, 6.9 meV, and 6.0 meV, respectively. Similariti
in the decay time, measured by time-resolved photolumin
cence, were employed to correlate DBE recombination f
tures leaving the donor in its ground state~BX features! with
recombination features leaving the donor in an excited s
@two-electron satellite~TES or 2ES! features#.

Similar PL studies of similar samples have recently be
published by Freitaset al.2 ~FEA!. The samples used in bot
studies were produced by the same laboratory~Samsung Ad-
vanced Institute of Technology! and the PL spectra are e
sentially identical. Therefore, we believe the materials
very similar. However, the PL feature identifications and
ferred donor 1s-2s and 1s-2p transition energies are differ
ent. The donor identifications and transition energies quo
by WEA differ from IR results by an amount substantia
greater than expected experimental error. In contrast,
identifications and transition energies of the 2ES features
termined by FEA agree within about 0.3 meV with IR tran
mission studies of the same samples.

The major difference in the two analyses is the assi
ments of the BX features. WEA assigned the features
notedD1XA , D2XA , andD3XA to excitons bound to O, Si
and unknown donors, respectively. FEA assigned these
tures to excitons bound to an ionized donor, O, and Si,
spectively. FEA introduced a notation in which these featu
were denotedD1XA , ON

0XA(0):1s, and SiGa
0 XA(0):1s, and

a relaxed notation where confusion was unlikely.
Similarities in the decay characteristics of the BX featu

and the 2ES features were used by WEA as the prim
experimental identification of the BX features. Their stro
2ES featuresL1 andL2, assigned to O@FEA: OXA(0):2s
and OXA(a):2p] were shown to have a slow decay that w
similar to a long-lived tail of the decay ofD2XA and argue
~bottom of first column of p. 3! that ‘‘Such a slow recombi-
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nation rate can be compared with the long-lived tail of t
D2XA line that is probably connected with the decay of t
D1XA line.’’ On this basis, WEA assignedD1XA to the O BX
recombination.

In contrast, FEA assigned WEA’sD1XA feature to an ion-
ized donor,D1XA , WEA’s D2XA to O, and WEA’sD3XA to
Si. These assignments in FEA were based on six experim
tal observations, five of which are significant even ifD1XA is
a neutral donor.

~1! The strength of theD1XA feature diminishes as PL
excitation intensity increases, as expected for ionized c
ters.

~2! Infrared studies3,4 have shown that the shallowest ne
tral donor in this material is Si. Therefore, the Si BX shou
be the most weakly bound BX,D3XA .

~3! Secondary-ion-mass-spectroscopy studies of the F
sample indicated that O and Si were the dominant don
with the O concentration exceeding the Si concentration b
factor of about 5. Therefore, we expect the O BX recom
nation feature to have an intensity that is significantly grea
than that of the Si BX recombination feature. The BX featu
assigned by WEA to O is approximately ten times wea
than the feature assigned by them to Si.

~4! FEA expect the most intense 2ES recombination f
tures to be associated with the most intense BX recomb
tion features. Consequently, we associate the 2ES feat
L1 andL2 with O0XA of FEA ~WEA: D2XA). WEA have
associated the strongest 2ES features with their weakes
feature.

~5! FEA find that the intensity of the BX feature denote
Si0XA @WEA: D3XA] increases in homoepitaxial samples
they are doped with Si.5

~6! FEA find that their assignments of BX features gi
good agreement between 1s-2p transition energies for the O
and Si donors determined from PL studies and those de
mined from IR transmission studies on the same sample.
assignments of WEA do not give good agreement~see Table
I!.

We believe WEA’s discussion of the 1s-2p transition en-
ergies and their discussion of chemical shifts of the 2s states
©2004 The American Physical Society01-1
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COMMENTS PHYSICAL REVIEW B 69, 157301 ~2004!
for O and Si are misleading. Plots of the 2p ‘‘transition
energy’’ ‘‘with respect to the 1s ground state’’ in Figs. 7, 8,
and 10 are raw data measured with respect to the unex
BX recombination feature with no correction for the fact th
the 2p transitions originate in the first excited state of t
parent DBE (2p08 in Fig. 10 is correctly plotted; it originate
in the unexcited DBE!. Therefore, except for 2p08 , the plot-
ted 1s-2p transition energies are approximately 1.3 meV t
small. All 1s-2p transition energies quoted in the text a
also quoted without correcting for the excited DBE initi
state of the 2p PL transition. Therefore, those 1s-2p transi-
tion energies are not correct. All discussions of lowering
2p states with respect to 2s states also fail to take into ac
count the excited initial state of the parent DBE of the 2p PL
transition. In fact, after correction the 2p states are not low-
ered with respect to 2s states; rather the 2s of O is lowered
approximately 0.3 meV below its 2p state and the 2s and 2p
states of Si are essentially degenerate. Therefore, all men
in WEA of chemical shifts of 2s states toward the conduc
tion band are unnecessary and misleading, since the da
not support these statements, as can be seen in colum
and 4 of Table I. When WEA speak of positive chemic
shifts they refer to a movement of ans state toward the
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TABLE I. Donor intrasite transitions determined as described
the text.

Transition
WEA PL
~meV!

WEA PL modified
~meV!

FEA PL
~meV!

Ref. 3 IR
~meV!

O:1s-2s 24.3 24.3 25.4
O:1s-2p 23.3 24.6 25.7 25.9
Si:1s-2s 21.9 21.9 22.8a

Si:1s-2p 20.6 21.9 22.8a 22.8

aSince the separation between 2s and 2p states of Si is only abou
0.125 meV, we are not able to distinguish them experimentally
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conduction band; the usual terminology has a posit
chemical shift move thes state away from the conductio
band. Correct statements of magnitude and direction
chemical shift were not given in WEA; even in the Concl
sions section an incorrect statement from the earlier text
repeated. Clearly, an alert reader can correct a mislea
presentation but we believe these difficulties are signific
and should be brought to the readers’ attention.

We have compiled 1s-2s and 1s-2p transition energies
for O and Si with various assumptions in Table I. The seco
column gives the values quoted in the text by WEA witho
correcting for the excited DBE initial state of the 2p features
in the PL 2ES spectrum. WEA do not quote a value for t
1s-2p transition of O so we have used the value plotted
them in Fig. 7. The third column represents the values
believe they would find after correcting for the excited DB
initial state of the 2p 2ES transitions~no corrected values
were plotted or quoted by WEA!. The fourth column con-
tains the values implied by the positions for the 2ES tran
tions given in Table I of FEA. The unexcited BX recomb
nations are at 3.4714 meV and 3.4722 eV for O and
respectively; they are the initial states for strong 2ES reco
bination to 2s donor states at low temperature. The first e
cited BX recombinations in FEA are at 3.4727 eV a
3.4735 eV; they are the initial states for strong 2ES reco
bination to 2p donor states. The fifth column gives IR resu
for 1s-2p transitions.3

The assignments of FEA give very good agreement
tween PL and IR results, as is expected based on experi
with other semiconductors such as GaAs, InP, SiC, Zn
and ZnTe. Consequently, statements in the Discussion
tion of WEA speculating that ‘‘the 1s and 2s states, due to
different extensions of their wave functions, may be coup
to lattice vibrations in a different way’’ are unnecessary sin
no significant difference between PL and IR values for the
binding energy is found.

.
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