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Zeeman splitting of shallow donors in GaN
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The Zeeman splitting of the donor spectra in cubic and hexagonal GaN is studied using an effective
mass theory approach. Soft-core pseudopotentials were used to describe the chemical shift of the
different substitutional dopants. The donor ground states calculated range from 29.5 to 33.7 meV,
with typically 1 meV higher binding in the hexagonal phase. Carbon is found to produce the largest
donor binding energy. The ionization levels and excited states are in excellent agreement with Hall
and optical measurements, and suggest the presence of residual C in recent experiméggd ©
American Institute of Physic§S0003-695(99)01202-4

Shallow donors in IlI-N semiconductors are one of theBoguslawskiet al1° showed that C substituting in the Ga
key fundamental elements in the fabrication of short-site gives rise to shallow donor states. Although the forma-
wavelength optical and high-frequency electronic devices.tion energy estimates indicated that C atoms do prefer to
Despite the great activity and considerable progress on theccupy the N site, there is still the possibility that some C
growth quality and characterization of these materials, théttoms will be incorporated into the Ga vacancies. In these
origin of then-type conductivity in nominally undoped GaN calculations, C was found to have also an excellent solubil-
is still not well established. Native defects, such as N vacanity, and an efficient self-compensation of acceptors by car-
cies, and residual impurities like O and Si have been invokedon donors? Moreover, Zhang and Kuethhave recently
as the prime sources of the high electron concentrationgeported photoluminescence experiments of C-doped GaN
(~10cm™3) seen in experimem?sff However, the donor Which clearly demonstrate that the incorporation of carbon
ionization levels introduced are not fully known. can produce a significant yellow luminescence, and that there
Temperature-dependent transport experiments have indicaté&i @ continued C compensation by the generation of addi-
binding energies of about 36 meV for residual donors and 2&onal shallow donors.
meV for Si* Recent Hall-effect measurements for high-  The purpose of this letter is twofold. First, we report
energy electron-irradiated GaN/sapphire samples suggest tgéective mass theorfEMT) calculations of the binding en-
appearance of a donor state from the N vacancy with a dondirdy of Si, O, and C shallow donors in GaN for both crystal
energy of about 64 meV, much larger than the value exPhases, cubidzinc blend¢ and hexagonalwurtzite). In
pected for residual donoPsStudy of electronic excitations these EMT calculations, the anisotropy of the conduction
by Raman scattering of unintentional donors gives energie8and and the dielectric constant forGaN are explicitly
ranging from 18.5 to 30 meV for cubic and hexagonal GaN. included. Furthermore, the central cell corrections introduced
Although O is known to display a shallow level state, it by the diffgrent impurities are taken into account via soft-
behaves as a deep donor under high hydrostatic pressuf@re atomic p;eudopot_entlals. Our results_mdpate that re-
(>20GPa). However, this is not the case for Si. §|dual carbon in GaN fllms cpuk_j indeed give rise to addi-

Arrhenius plot analyses of the electron concentration ofional shallow donors with binding energy close to those
O and Si implanted in GaN vyields activation energies ofPreviously assigned to Si and O. The second purpose is to
about 29 meV for both dopantsOn the other hand, magne- €xa@mine the deman splitting of the excited states of substi-
totransmission measurements of Zeeman splitting of the ddutional impurities under the presence of an external mag-
nor spectra in Si-doped GaN films are a bit higher, and conhetic fleld, and to compare our estimates with the available
sistent with other reporfs.However, more recent infrared €XPerimental results. _ _
spectroscopy studies of the Zeeman splitting of donors in  N€ar thel” point (k=0), the lower conduction band in

undoped GaN grown by hydride vapor phase epitax)}ﬂexagonal GaN is ellipsoidal, with different longitudinal and
(HVPE) show 1s—2p. transitions at 23.3 and 25.95 meV transverse(with the c-axis) effective massegwhich are

(in the limit of zero magnetic field apparently due to two Ccl€arly equal in the cubic phaseWithin effective mass

different donor specie.Ground states at 31.1 and 33.8 tN€ory, and neglecting spin splittirt§ the Hamiltonian for

meV, respectively, were inferred from these transitions.the envelope wave function under an external magnetic field

While the lower transition was believed to come from Si, thealong thez axis (parallel to the crystat axis), is given by
origin of the larger one was unclear.

Carbon is known to be an amphoteric impurity in GaN, 2 [ 9?9 noa*
but it is widely believed to predominantly introduce acceptor H=- 2m* | ax2 My 2 922 tuil;B,
levels. Recent quantum molecular dynamics calculations by
TuiB:
T =g (XY +U(r), ey
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where we have used a symmetric gaugg, is the effective 26
Bohr magnetonut =efi/2m7c, andL, is the orbital mo-
mentum operator along the principal axis units of #).
Here, ®,=hc/e denotes the magnetic flux quantum, and
U(r) is the impurity-donor potential defined as the differ-
ence between the bare pseudopotential of the impurity and
that of the host atorf* The pseudopotentials we use here are
those of Jansen and Sankéyho fitted to the functional
form of Bachelet—Hamann—Schéu fame!® These pseudo-
potentials consist essentially of two parts. A local short-
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V,(I’) ;1 [A'(I )+ A'+3(| )]e ! 2 FIG. 1. Zeeman splitting for O and C shallow donors in hexagonal GaN.

Magnetic field is applied parallel to theaxis. Anisotropy in the effective
and mass leads to a shift of thest 2p,, transition line aB= 0, while transitions
1s—2p. are degenerate.
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cord ) r 2’1 erfl (e ] ® dielectric constant €5 =9.8) as those authors. However,

they assumed that the lower transition arises from Si donors
Here,Ai(1), ai(1), C;, anda** are the fitting parameters to il the higher one was associated with a second donor of
ab initio pseudopotentials, wittZ, denoting the valence | nknown origin, presumably O. As we show in Table I, Si
charge. This type of pseudopotential has been used widelas an EMT ionization energy of 30.4 meV with & 1
and with great success in calculations of the electronic and. 2p, transition(which does not shift appreciably with field

structural properties of semiconductofsThe envelope 4t 228 meV. These results would indicate that the binding
eigenfunctionsF(r) of the Hamiltonian in Eq(1) are ob-  energy attributed in Ref. 9 to Si is probably due to O, and
tained in a variational approach, and chosen here to be afat the second donor may be indeed due to residual C im-
expansion of spherical harmonics and a linear combinatiorities. Since residual C was not detected, and the samples
of hydrogenic = radial functions ~such thatF(r)  were growth by HPVE with no carbon sources, it would
=2Byr efﬁjTYlm(al‘ﬁ)- The donor energy levels are then seem unlikely that carbon donors would be present. How-
obtained using the se{®;} and{g;} of variational param- eyer, as we mentioned earlier, small C concentrations of
eters. <2x10%cm 3 have been found in unintentionally doped

_ For c-GaN (zinc'blend¢:, we haye used a reliable theo- samples grown by HPVE: Those concentrations were be-
retical value of the isotropic effective mass for the conducg,y the detection limit of the secondary ion-mass spectros-

tion band n =0.19m,),*® while for the dielectric constant copy (SIMS), but well within the photoluminescence
we have used the experimentaind isotropig value of €, |imits. This would indicate that similar SIMS nondetection
=9.5" (Notice thatm is not known experimentallyOnthe  of C impurities in samples obtained by other growth tech-
other hand, for the hexagonahurtzite) phase of GaN we pjques does not unequivocally prove the absence of small
have used the experimentand theoreticaf) value ofmf  guantities of this donor species, allowing our identification to
=0.22m,,**" and the theoretical valum| =0.19m,,*® for  he correct. Carefully monitored C doping together with in-

the parallel mass. In this case the dielectric constant is obfrgred absorption measurements would be needed to clarify
tained from the combinatios} = (2¢, */3+ ¢, '/3) '=9.8,  this point.

wheree, ande are set to the experimental values of 9.5and e would like to point out that the transitiors% 2p..
10.4, respectively® Due to the moderately polar behavior of we find in Si at 22.3 meV is in good agreement with the
these materials, the effect of the electron—phonon interactiogansition at 21.7 meV observed by Waetal® by infrared
on the shift of the energy levels is considered through &psorption spectroscopy of purposely Si-doped GaN grown
polaron correction. A Fraich coupling constant ofar  phy HVPE. Since the linewidths observed were rather large

=0.49 has been fixed for both crystal phases. This valug—5 meV) compared with widths reported for nominally un-
gives rise to an 8% enhancement of the donor binding

energies?
Figure 1 shows a p|0t of the pOSitiOh of the eIectronic.TABL_E. l. (__?;round state & and Iower_ few internal tr_ansmons for different
Y 2 dis—2 f . f . impurities in GaN for both crystalline phases, zinc bleridabic), and
t_ransmons ~<£Po an o p- asa unc_tlon_o magnetic wurtzite (hexagonagl Magnetic field is zero here. All energies are in meV.
field B for O and C donors im-GaN. The field is parallel to
the c-axis direction. The ground state and transitions to the c-GaN h-GaN
first excited states at zero field are shown in Table I. For O

; Si o] C Si 0 C
we find a ground state energy of 31.4 meV, and 33.7 for C,

with internal transition energiesst 2p. at 23.3 and 25.1 1S ) ;?-g gg-‘; gi-i gg-g gég 321
meV, respectively. These values are in excellent agreemen 2—2? 218 227 244 228 23.7 256
to those found by Mooret al® at 23.3 and 25.9 meV. Notice 15—3p, 261 269 290 270 280 301

we have used the same effective mass €0.22m;) and
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26 +0.01m, (Ref. 19 in the conduction effective mass would
yield a change of less than 1.5 meV on the energy levels.
Notice, however, that all energy levels and transitions shown
in Table | would shift correspondingly, maintaining the rela-
tive position for the different impurities, which helps in the
determination of their identitye.g., largest binding energy
for C).

To conclude, let us also mention that we find that Ge
donors show a spectrum very similar to that found for Si

Transition Energy (meV)

donors.
Zincblende-GaN
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FIG. 2. Zeeman splitting for O and C shallow donors in cubic GaN. Mag-0782, DURIP NO00014-97-1-0315, and from CONACyT-
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transitions aB=0. At B+ 0 the transitions §—2p.. split accordingly.
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