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Role of hydrogen in doping of GaN
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We investigate the interactions between hydrogen and dopant impurities in GaN, us
state-of-the-art first-principles calculations. Our results for energetics and migration revea
fundamental difference in the behavior of hydrogen betweenp-type andn-type material; in
particular, we explain why hydrogen concentrations inn-type GaN are low, and why hydrogen has
a beneficial effect on acceptor incorporation inp-type GaN. Our results identify the conditions
under which hydrogen can be used to control doping in semiconductors in general. ©1996
American Institute of Physics.@S0003-6951~96!02713-2#
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Despite the successful application of GaN in the fabri
tion of highly efficient blue light emitting diodes~LEDs!,
doping problems remain an important issue. As-grown G
is typically n-type conductive, andp-type doping levels are
still limited. For GaN grown by MOCVD~metal-organic
chemical vapor deposition! and doped with Mg, Amano
et al. showed thatp-type conductivity can be achieved b
activating the Mg acceptors using low-energy electron-be
irradiation ~LEEBI!.1 Nakamuraet al. subsequently demon
strated that the activation of Mg acceptors can also
achieved by thermal annealing, and that this process ca
reversed by annealing in a hydrogen ambient,2 revealing the
crucial role played by hydrogen. Based on these observat
Van Vechtenet al. suggested that hydrogen enablesp-type
doping by suppressing compensation by native defec3

These authors went on to propose the incorporation~and
subsequent removal! of hydrogen as a general method f
improvingp-type as well asn-type doping of wide-band-gap
semiconductors. The Van Vechten model highlights the
portant role of hydrogen, but leaves various issues un
plained, such as the lack of hydrogen incorporation
n-type GaN, and the success ofp-type doping~without post-
growth treatments! in MBE ~molecular-beam epitaxy!.

In this letter we address the fundamental mechanis
governing the interaction of hydrogen with dopants in Ga
We have recently investigated energetics and migration
monatomic hydrogen and hydrogen around a Mg acce
using state-of-the-art first-principles calculations, finding t
H acts as a donor~H1) in p-type GaN, and as an accept
~H2) in n-type material.4 Here we combine these resul
with our detailed investigations of native defects in GaN5 to
elucidate the role of hydrogen in doping and compensa
of GaN. More generally, we will identify conditions unde
which hydrogen is beneficial for doping, and discuss
limitations of this process. Forn-type material, we explain
why little or no hydrogen incorporation occurs. Forp-type
GaN doped with Mg, we find that hydrogen enhances
solubility of the acceptor species, and suppresses native
fect compensation. We also address the mechanism o
post-growth Mg activation.

a!Present address: Fritz-Haber-Institut, Abt. Theorie, Faradayweg
D-14195 Berlin, Germany. Electronic mail: neugebau@theo23
berlin.mpg.de

b!Electronic mail: vandewalle@parc.xerox.com
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The equilibrium concentrationc of an impurity or defect
at temperatureT is determined by its formation energy,Ef :

c5Nsitese
2Ef /kBT, ~1!

whereNsites is the number of sites where the defect can be
formed, andkB the Boltzmann constant. The formation en-
ergy depends on various parameters. For example, the fo
mation energy of a Mg acceptor is determined by the relativ
abundance of Mg, Ga, and N atoms. In a thermodynami
context these abundances are described by the chemical p
tentialsmMg , mGa, andmN . If the Mg acceptor is charged,
the formation energy depends further on the Fermi leve
(EF), which acts as a reservoir for electrons. Forming a sub
stitutional Mg acceptor requires the removal of one Ga atom
and the addition of one Mg atom; the formation energy is
therefore:

Ef~GaN:MgGa
q !5Etot~GaN:MgGa

q !2Etot~GaN-bulk!

2mMg1mGa1qEF , ~2!

whereEtot( GaN:MgGa
q ) is the total energy derived from a

calculation for substitutional Mg,E tot( GaN2bulk) is the
total energy of the corresponding GaN bulk supercell, and
q is the charge state of the Mg acceptor. Similar expression
apply to the hydrogen impurity, and to the various native
defects. Details about the first-principles calculations and
convergence checks have been published elsewhere.5,6 Error
bars on the formation energies and defect levels due to s
percell effects and entropy contributions are on the order of
few tenths of an eV. These error bars are small enough not
affect any qualitative conclusions.

For the following discussion we consider Ga-rich condi-
tions (mGa5mGa2bulk) which are common for GaN growth.
We further take into account that the Mg concentration is
limited by the formation of Mg3N2 (mMg5mMg3N2

), which
produces a lower limit for the formation energy, and an up-
per limit for the Mg concentration~solubility limit!. By fix-
ing the chemical potentials the formation energy become
solely a function of the Fermi energy@see Eq.~2!#. This
relation is shown in Fig. 1~a!, which also includes the for-
mation energy of the hydrogen species, as well as the dom
nant native defect; underp-type conditions this defect is the
nitrogen vacancy~VN).

5

The slope of the formation energies characterizes th
charge state: a positive slope~as observed for VN) indicates
a positive charge state, corresponding to a donor. For Mg
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the kink in the formation energy describes a change in
charge state from neutral to21, corresponding to accepto
behavior. The position of the kink atEF'0.2 eV gives the
position of the acceptor level, which is close to the expe
mentally observed value of 0.16 eV.7

Using the calculated formation energies, and taking in
account that the Fermi energy is not a free parameter
fixed by the condition of charge neutrality, the equilibriu
defect concentration@Eq. ~1!# for each defect can be calcu
lated as a function of temperature.8 The results are shown in
Fig. 1~c!. First we focus on the case where only Mg acce
tors and native defects are present. As expected, the Mg c
centration increases with increasing growth temperature.
temperatures exceeding 1000 K, however, the Mg accep
become increasingly compensated by N vacancies. Nat
defect compensation is therefore potentially an importa
concern for high-temperature growth techniques. MB
growth, which is carried out at lower growth
temperatures,9,10 should suffer less from this problem.

Hydrogen is highly abundant in many of the high
temperature growth techniques such as MOCVD or HVP
~hydride vapor phase epitaxy!. We therefore also conside
growth under H-rich conditions@mH5mH2

(T50)#. Figure

1~a! shows that H is energetically more favorable than t
dominant native defect, the nitrogen vacancy. The calcula
equilibrium concentrations are displayed in Fig. 1~c!. The
Mg and H concentrations are identical indicating that H co
pletely compensates the Mg acceptors. Also note that, co
pared to the hydrogen-free case, the Mg concentration isin-
creasedand the VN concentrationdecreased. Both effects are
beneficial for doping.

FIG. 1. Formation energy vs Fermi energy for the MgGaacceptor~a! and the
SiGadonor~b! in GaN. Further included are the native defects and intersti
H. The corresponding equilibrium concentrations are given in~c! and~d! for
both the H-rich limit~solid lines! and H-free limit~dashed lines!.
1830 Appl. Phys. Lett., Vol. 68, No. 13, 25 March 1996
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In a plot such as Fig. 1~a!, the equilibrium Fermi level
position can be estimated to be near the crossing point be
tween the acceptor and the dominant donor species. At thi
point their formation energies, and hence their concentra
tions, are equal, ensuring charge neutrality – at least if we
ignore free carriers, a reasonable approximation if the Ferm
level is far enough from the valence-band edge. If only Mg
acceptors and native defects are present, the crossing occu
at a Fermi energy'0.8 eV. If additionally H is present, the
crossing point shifts to higher energies. As can be seen in
Fig. 1~a! an increase in the Fermi level decreases the forma
tion energy for the Mg acceptor and increases the formation
energy for VN , thus resulting in a lowered defect concentra-
tion and an increased acceptor incorporation. Both phenom
ena are directly related to the abundance of hydrogen in the
sample; in our discussion, we assumedmH5mH2

. One could
consider making the environment even more hydrogen-rich
for instance by introducing atomic hydrogen~from a
plasma!.

We thus find that Mg-doped GaN grown at high tem-
peratures~above 1200 K! will always be heavily compen-
sated: the compensating centers are either N vacancies o
hydrogen, if present. This conclusion is consistent with ex-
perimental observations: the only cases wherep-type GaN
has been achieved without any post-growth treatments in
volved MBE growth, which is characterized by lower growth
temperatures~below 1000 K! and the absence of H.9,10When
H is present, the H concentration essentially equals the Mg
concentration@see Fig. 1~c!#. The H donors and Mg accep-
tors can actually form electrically neutral complexes, with a
binding energy of 0.7 eV.4 For the specific choice of chemi-
cal potentials made here, this binding energy is low enough
for the complexes to be dissociated at the growth tempera
ture; however, the Mg and H will form pairs when the
sample is cooled to room temperature, consistent with ex
perimental observations.11

In order to activate the Mg, post-growth treatments are
necessary. The first step in the activation process is the dis
sociation of the Mg-H complex. Our estimated dissociation
barrier for the complex is 1.5 eV, calculated by considering a
jump to a nearest-neighbor site; the total barrier may be
slightly higher.4 This barrier should be low enough to be
overcome at modest annealing temperatures~around 300
oC!. It has been found, however, that thermal annealing of
MOCVD-grown Mg-doped GaN needs to be carried out at
much higher temperatures in order to activate the Mg.2 The
reason is that mere dissociation of the Mg-H complex is
insufficient; the H which is released from the Mg acceptors
needs to be either removed~to the surface or into the sub-
strate! or neutralized~e.g., at extended defects!. Otherwise
the H atom~a donor! continues to compensate the Mg, and is
recaptured when the sample is cooled down again. The phe
nomenon is well known from studies of complex dissocia-
tion in Si, where annealing in the presence of an electric field
~which sweeps the hydrogen out of the region! leads to ac-
ceptor activation at much lower temperatures than in the ab
sence of a field.12

We have calculated a diffusion barrier for H1 of 0.7 eV4

indicating that H1 is highly mobile. The high temperatures
required for Mg activation through thermal annealing there-
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fore reflect an activation barrier for incorporating hydroge
in a different form inside thep-doped layer~e.g., attached to
extended defects!, or for removal of H from the layer
through desorption from the surface. Note that the annea
temperature should be kept low enough to prevent the f
mation of nitrogen vacancies or the diffusion of the Mg a
ceptors. This condition is met in GaN, judging by the succe
of thermal annealing procedures.2 We suggest that it is the
inability to meet this requirement which causes problem
with obtaining p-type conduction in MOCVD-grown
nitrogen-doped ZnSe: the N acceptors are passivated by
drogen during growth, and a high annealing temperat
would be required to remove the hydrogen; this temperat
apparently exceeds the temperatures at which good crys
line quality of ZnSe can be maintained.

Let us now consider donor impurities in GaN. Here w
focus on Si, which is a common donor in GaN and which c
be incorporated in high concentrations. Our calculated en
gies are displayed in Fig. 1~b!. The Si solubility is limited by
the formation of Si3N4 (mSi5mSi3N4

) which imposes a lower
limit on the SiGa formation energy.13 When only Si and na-
tive defects are present, Fig. 1~d! shows that the Si and the
Ga-vacancy concentration~the dominant native defect unde
n-type conditions! increase with temperature. However, eve
at the high growth temperatures characteristic of MOCV
~about 1300 K! the concentration of Ga vacancies is orde
of magnitude lower than the Si concentration, indicating th
native defect compensation is not a problem.

If hydrogen is present, a fraction of the Si donors will b
compensated@Fig. 1~d!#. However, even at very high growth
temperatures the hydrogen concentration remains well be
the Si concentration, explaining why Si remains electrica
active even when H is present during growth. The Si co
centration is also largely unaffected by the presence of
drogen, unlike the Mg-doped case. We have investigated
formation of Si-H complexes, and found them to have ess
tially the same binding energy as Mg-H~0.7 eV!; however,
very few such complexes are formed because of the ove
low H concentration. It is actually fortunate that hydroge
does not readily incorporate inn-type GaN: our calculated
diffusion barrier for H2('3.4 eV!, is so high as to render it
immobile inn-type GaN, which would make it very hard to
remove any hydrogen from the material~unlike the case of
p-type GaN, in which H1 diffuses readily and can be re
moved by annealing!.

The lack of hydrogen incorporation inn-type GaN is due
to its significantly higher formation energy, as compared
p-type material@compare Figs. 1~a! and 1~b!#. This higher
formation energy~and consequently lower solubility! also
Appl. Phys. Lett., Vol. 68, No. 13, 25 March 1996
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explains why post-growth hydrogenation ofn-type GaN does
not produce any effects11; in addition, the high diffusion bar-
rier of H2 makes it very difficult for hydrogen to move into
n-type GaN.

Our conclusions support the potential use of hydrogen a
a means of improving the doping in wide-band-gap semicon
ductors; however, this approach is by no means as genera
applicable as suggested by Van Vechtenet al.3 The follow-
ing are necessary conditions to use H passivation as a tool
enhance doping:~i! H must be the dominant compensating
defect~i.e., its formation energy must be lower than that of
all native defects and comparable to the formation energy o
the dopant impurity!, ~ii ! the activation barriers to dissociate
the H-impurity complex and to remove or neutralize H must
be lower than the activation energies for native-defect for
mation or the diffusion barrier of the impurity, and~iii ! the
dissociated H atom must be highly diffusive. We note tha
these conditions are not particular for GaN but apply toany
semiconductor. Whether these conditions are realized, how
ever, depends on the specific case~semiconductor, impurity,
growth conditions! and must be addressed independently fo
each system.
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