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Magneto-optical studies of free-standing hydride-vapor-phase epitaxial GaN
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Magneto-optical studies of donor excitation in hydride-vapor-phase epitaxial GaN are reported. Donor
ground-to-excited state transitions are observed in the infrared for Si, O, and a third unidentified donor as a
function of magnetic field to 11 T. Transitions from the ground state to 2p6 and 3p6 excited states are studied.
Values for effective mass ground and excited state binding energies are determined from the observed excited-
state separation. We find a value of 29.160.5 meV for the effective-mass donor binding energy in GaN.
Ground state binding energies for SiGa and ON are 30.1860.1 meV and 33.2060.1 meV, respectively. Sepa-
ration rates for the 2p1 and 2p2 excited states with magnetic field are consistent with an electron effective
mass of 0.22m0 .
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Epitaxial GaN is an emerging candidate material for fa
rication of a variety of optical and electrical semiconduc
devices having good high-frequency and high-tempera
operational characteristics. Routine production of these
vices will depend on the ability to produce layers with en
neered electrical properties and on the availability of hig
quality substrates onto which the epitaxial layers can
grown by techniques such as molecular beam epitaxy~MBE!
and metal-organic chemical vapor deposition~MOCVD!. We
consider here the properties of unintentionally-introduc
impurities in thick wafers of GaN grown by hydride-vapo
phase epitaxy~HVPE!, a process potentially capable of pr
viding high-quality substrates for epitaxy.1

Although it was observed some time ago that doping w
Si or O makes GaNn-type, the accurate positions of the
donors in the forbidden gap have been known only recen2

Donor activation energies have been studied by various t
niques including photoluminescence~PL!, temperature-
scanned Hall effect, and infrared~IR! transmission, often
with contradictory results. Here we use IR transmission
study donor excitation transitions in a magnetic field a
attempt to reconcile these data with previous observation

GaN materials used in this study are thick~.100 mm!
wafers grown by HVPE that have been removed from th
sapphire substrates by laser liftoff.3 We have studied severa
unintentionally-dopedn-type HVPE GaN wafers and hav
found conductivity dominated by either O or Si donors. M
terial grown by Samsung Advanced Institute of Technolo
~SAIT! typically hasn-type conductivity and a dominance o
O donors over Si donors. Background O and Si concen
tions in the studied SAIT wafers are in the low 1016 cm23

and low 1015 cm23 range, respectively, lower concentratio
than those typically found for GaN. By these criteria the
wafers are of unusually high quality. Both IR transmissi
and PL data exhibit narrow features, again attesting to
high quality of these wafers. Several wafers were surve
for donor content and were found to have similar charac
0163-1829/2002/65~8!/081201~4!/$20.00 65 0812
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istics. The magnetic field study reported here was carried
on one representative SAIT wafer.

A sample cut from a 160-mm-thick 29 wafer of free-
standingn-type hexagonal GaN was wedged on the subst
side to an average thickness of 145mm for IR transmission
studies. The slice was placed in a light pipe between c
densing cones and inserted into an 11-T superconduc
magnet in the Faraday geometry (E'B) with a gallium-
doped germanium IR detector below the sample and out
the magnetic field. The light pipe was filled with a low pre
sure He gas for thermal contact between the sample and
liquid He cryogen. This cooling technique minimized uni
tentional strain that could broaden or split the donor exc
tion transitions. IR transmission spectra were collected w
a Bomem DA8 Fourier transform IR spectrometer as a fu
tion of magnetic field from the detector low-energy limit
about 70 cm21 to about 500 cm21 where GaN optical phonon
absorption became dominant.

Transmittance spectra, as a function of magnetic field i
T increments from zero field to 11 T are shown in Fig.
Several IR features are observed and most are attribute
ground-to-excited state transitions at three donors design
Si, O, and N3. Details of the identification of dominant don
IR absorption features as intrasite transitions at Si on the
site, SiGa, and O on the N site, ON , have been published.2

The donor N3, present in low concentration, remains unid
tified. Identifications for most transitions are given at the to
adjacent to the transition at a field of 11 T. Dotted lines a
provided as an aid to the eye. Spectral positions observe
these experiments with free-standing samples are shifted
ward low energy by approximately 0.3 meV compared w
previous observations on sapphire-backed samples2,4 due, we
assume, to reduced strain in wafers removed from their s
strates.

All clearly-observed features are identified as transitio
from 1s ground states of the three donors to their 2p1 and
2p2 excited states or to the 3p1 , and 3p2 excited states of
©2002 The American Physical Society01-1
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SiGa and ON with two exceptions. The exceptions are t
transitions at the Si donor that is either a transition to 2p0
and/or 2s and an unidentified transition labeled with a que
tion mark. These spectra clearly show transitions termina
on 3p excited states in GaN.

Spectral positions for all clearly-observed absorption lin
are plotted in Figs. 2–4 as a function of magnetic field. F
clarity, data are presented for each donor separately. Figu

FIG. 1. Transmission spectra as a function of magnetic field
T increments fromB50 at the bottom to 11 T at the top. Identifi
cations of absorption lines are given at the top. Dotted lines a
guide to the eye.

FIG. 2. Positions of transitions associated with Si on the Ga
as a function of magnetic field. The transition near 17 meV w
taken from Ref. 4.
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gives line positions for transitions at SiGa; we observe tran-
sitions from 1s to 2p1 , 2p2 , 3p1 , 3p2 , especially at high
fields, and to 2p0 and/or 2s at low fields. In Fig. 2 we have
chosen to plot the unidentified transition associated with
previously observed at 16.96 meV in sapphire-backed HV
GaN4 where it should appear~shifted 20.3 meV! in these
reduced-strain materials if the concentration of Si were h
enough. Similar spectral positions for all clearly-observ
transitions at ON are given in Fig. 3. We observe a transitio
~19.23 meV atB50! associated with O that can be seen
be similar to the previously observed transition at 16.96 m
associated with Si. Identification of these transitions is
yet clear and will be discussed. Transitions at the unide
fied donor N3 are given in Fig. 4.

Electrons or holes weakly bound to donors or accept
will experience predominantly the Coulombic field of the
parent if they are farther than one or two nearest neighb
from their parent donor/acceptor. When closer than a f
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FIG. 3. Positions of transitions associated with O on the N s
as a function of magnetic field.

FIG. 4. Positions of transitions at an unidentified donor as
function of magnetic field.
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nearest neighbors they can experience details of the pa
impurity’s local environment. Differences in the local env
ronment cause modifications of the impurity binding en
gies known as the core shift for different nearly effectiv
mass centers. The local environment is felt less strongly
p-like excited states than bys-like ground states so the bind
ing energies ofp-like excited states typically are in bette
agreement with values calculated using the effective m
approximation~EMA! than are ground states.5 Here we ob-
serve transitions to twop-like excited states at zero field
1s-2p6 and 1s-3p6 , for both Si and O. When longitudina
and transverse electron effective masses are the same
EMA predicts6 that the binding energies of 2p6 and 3p6

are, respectively, 1/4 and 1/9 times the EMA ground sta
Therefore, when two or morep-like excited states are ob
served we can extract EMA ground and excited-state bind
energies from the more accurate experimentalp-like excited
state energies alone.

Excitation spectra give the difference in energy betwe
2p6 and 3p6 as 3.99 meV and 4.10 meV, respectively, f
Si and O. We average these experimental determination
get a value of 4.04560.06 meV for the 2p6 to 3p6 separa-
tion. EMA theory predicts that this separation is 0.1389 tim
the ground state binding energy, yielding 29.160.5 meV for
the EMA donor effective Rydberg in GaN.

The donor effective Rydberg found here differs from th
calculated by scaling the atomic hydrogen binding ene
with the electron effective mass and usual values for st
dielectric constant.7 However, consistency between these a
proaches is not always found. For example, we have o
mized fits of experimental 4.2 K excitation spectra of N
cubic SiC8 to theory6 with the dielectric constant as a param
eter finding 9.82 for the static dielectric constant. Sub
quently we found an accurate static dielectric constant
9.28 at 4.2 K using IR interference fringes.9

From the effective Rydberg we find the EMA 2p6 and
3p6 binding energies and, with experimental 1s-2p6 tran-
sition energies, find SiGa has its ground state at 30.1
60.1 meV below the conduction band, approximately 1
60.5 meV deeper than EMA. Similarly, we find ON has its
ground state at 33.2060.1 meV below the conduction band
approximately 4.160.5 meV deeper than EMA. The condu
tion band electron effective mass found from the 2p2 to
2p1 separation is 0.22m0 , a value consistent with severa
previous determinations.4,10,11

We have carried these measurements to the low en
limit of the Ge:Ga detector in our system, approximately
meV, and do not see any donor excitation transitions be
the Si transitions. The magnetic field is extremely helpful
making this determination since a moving absorption line
quite easily distinguished from the background of station
rt
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features. Energies of the transitions given in Figs. 2 an
show that, at 11 T, the energy of the 1s-2p1 transition is
approximately 4.1 meV greater than it is at zero magne
field. Similarly, the energy of the 1s-3p1 transition is ap-
proximately 7.3 meV greater than at zero field. This mea
we would observe, at 11 T, 1s-2p1 transitions that appear a
4.9 meV at zero field if such transitions were present and
would observe 1s-3p1 transitions which appear at 1.7 me
at zero field if these transitions were present. No transiti
are observed at energies lower than those of Si.

Binding energies of donor/acceptor centers near the ef
tive mass energy vary due to center-dependent variation
the local core environment. Centers shallower than effec
mass are attributed to negative core shift, that is, an envi
ment within a few nearest neighbors of the center that rep
the bound electron/hole. Odd parity excited states typica
do not experience even large positive core shifts5 so they
would be expected to have binding energies independen
negative core shifts also. A 1s-2p1 transition at 4.9 meV
could be associated only with a donor whose ground stat
no deeper than 12.2 meV and a 1s-3p1 transition at 1.7
meV could be associated only with a donor whose grou
state is no deeper than 5.0 meV. Therefore, the failure
observe donor excitation lines below the Si lines allows us
set an upper limit of 131014 cm23 on the concentration o
unobserved neutral donors with binding energies betw
12.2 meV and 30.2 meV. Similarly, we set the upper limit
431015 cm23 on the concentration of unobserved neut
donors with binding energies between 5.0 meV and 1
meV.

The unidentified transition at 19.23 meV in Fig. 3
analogous to the transition plotted in Fig. 2 near 16.66 m
We earlier attributed4 that feature to a 1s-2p0 transition of
SiGa shifted from its expected degeneracy with 2p6 . How-
ever, there are other possibilities. Although 1s-2s transitions
are IR forbidden, they sometimes can be observed wea5

One would expect some core shift of a 2s state from its
expected EMA position if the 1s state is core shifted. Here
however, the required core shift of the 2s states associate
with both Si and O would have to be larger than the obser
core shift of their 1s states. Other possible origins of the
features are transitions at widely separated donor pairs
triads.12–15 The observation of these transitions associa
with both Si and O suggests that these transitions are real
their transition energy follows the impurity’s core shift; the
identification, however, is not yet clear.

Work at the Naval Research Laboratory was supported
the Office of Naval Research and AFOSR under Contr
No. N0001499WR20163. We are indebted to Colin Wo
and Yoon-Soo Park for making the samples available for
collaboration.
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