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Abstract We review a theoretical approach for studying defects and impurities in wide-band-
, gap semiconductors, focusing on mechanisms that limit doping. Among native defects, vacan-
| cies play a prominent role. They cause compensation, and also give rise to luminescence bands.
% The behavior of gallium and nitrogen vacancies in GaN is compared with cation and anion
vacancies in other wide-band-gap semiconductors, including ZnO.

1. Introduction

The III-nitride semiconductors are widely recognized as excellent materials for a wide range
of electronic and optoelectronic devices, including light emitters, detectors, and transistors for
high-temperature, high-power, and high-frequency applications. The ability to control doping
is crucial for all of these applications; wide-band-gap semiconductors such as GaN have long
suffered from lack of control of p-type and/or n-type doping. In this paper we discuss how a
theoretical approach for native defects and dopant impurities, combined with state-of-the-art
first-principles calculations, can be used to understand the various factors that govern doping.

Among the various types of native point defects, only vacancies are low enough in energy
to form in significant concentrations. Nitrogen vacancies are not responsible for the n-type
conductivity of as-grown GalN; however, they do act as donors and compensate p-type GaN. We
will discuss similarities and differences with anion vacancies in other I11I-V and II-VI compounds,
including ZnO. Gallium vacancies act as acceptors and form a source of compensation in n-
type GaN. Furthermore, we have proposed the gallium vacancy to be the source of the “yellow
luminescence”. Again, we will draw comparisons with other wide-band-gap semiconductors,
including ZnO, where we suggest Zn vacancies to be the cause of the “green luminescence”.

Section 2 contains a brief description of the theoretical approach. In Section 3 we will discuss
results for anion vacancies: Vy in the nitrides, and Vo in ZnQ. Section 4 contains our results
for cation vacancies : Vg, or V3 in the nitrides, and Vz, in the II-VI compounds.

2. Theoretical approach

The key parameters in our approach are obtained from first-principles calculations that do
not require any adjustable parameters nor any input from experiment. The computations are
founded on density-functional theory, using a supercell geometry and soft pseudopotentials.
Details of the computational approach can be found in Refs. [1] and [2].




A key quantity describing the behavior of defects and impurities is their formation energy, E7.
The formation energy determines the equilibrium concentration of impurities or native defects
according to the expression ¢ = Nyesexp(—E?/kp T), where Nyes is the number of sites the
defect or impurity can be incorporated on, kg the Boltzmann constant, and T' the temperature.
It is clear that defects with a high formation energy will occur in low concentrations.

The formation energy is not a constant but depends on the growth conditions. For example, the
formation energy of an oxygen donor is determined by the relative abundance of O, Ga, and N
atoms, as expressed by the chemical potentials po, pga and pn, respectively. If the O donor is
charged (as is expected when it has donated its electron), the formation energy depends further
on the Fermi level (Er), which acts as a reservoir for electrons. Forming a substitutional O
donor requires the removal of one N atom and the addition of one O atom:

E?(GaN:0%) = Eioi(GaN:0%) — po + pn + ¢Er (1)

where Fi.(GaN:OY) is the total energy derived from a calculation for substitutional O, and ¢
is the charge state of the O donor. EF is the Fermi level. Similar expressions apply to other
impurities and to the various native defects. We refer to Refs. [1] and [3] for a more complete
discussion of formation energies and their dependence on chemical potentials.

The Fermi level Er is not an independent parameter, but is determined by the condition of
charge neutrality. However, it is informative to plot formation energies as a function of Er
in order to examine the behavior of defects and impurities when the doping level changes.
Results relevant for the present discussion are depicted in Figure 1. For ease of presentation,
we have set the chemical potentials equal to fixed values; however, a general case can always be
addressed by referring back to Eq. (1). The fixed values we have chosen correspond to Ga-rich
conditions [pga = ,uGa(bulk)], and to maximum incorporation of the various impurities, with
solubilities determined by equilibrium with Ga;0s, SizNy4, and Mg;N3. For each defect we only
show the line segment corresponding to the charge state that gives rise to the lowest energy
at a particular value of Er. The change in slope of the lines therefore represents a change in
the charge state of the defect [see Eq. (1)], and the Fermi-level position at which this change
occurs corresponds to a transition level that can be experimentally measured.

3. Anion vacancies
3.1 Nitrogen vacancies in GaN

Our first-principles results for native defects show that self-interstitials and antisites are high-
energy defects in GaN, and are thus unlikely to occur [1, 4]. Nitrogen vacancies (V) behave
as donors, as seen in Fig. 1: the formation energy of Vy exhibits a slope of +1 [see Eq. (1)].
The formation energy of Vy is very high in n-type material; Viy are therefore unlikely to form
in n-type GaN, and hence they cannot be responsible for n-type conductivity.

We have proposed that unintentional impurities such as oxygen and silicon are the actual cause
of the observed unintentional n-type doping [5]. Figure 1 shows that O and Si are shallow
donors with formation energies much lower than Vy; they will therefore readily incorporate
during growth. Support for this assignment has come from SIMS studies [6] as well as from
high-pressure studies [7]. The latter have shown that oxygen (but not Si) behaves as a DX
center in GaN under pressure [§], in agreement with theoretical predictions [9].

Figure 1 shows that the formation energy of Wy is significantly lowered in p-type GaN, making
it a likely compensating center in case of acceptor doping. Compensation by Wy is suppressed
when hydrogen is present [10], i.e., in growth techniques such as MOCVD or HVPE. Figure 1
also shows that Vy can occur in a 3+ as well as a + charge state, with a transition level within



0.5 €V of the top of the valence band. Vi may therefore be responsible [11, 12] for the blue
lines commonly observed by photoluminescence in Mg-doped GaN [13, 14, 15, 16].

Nitrogen vacancies may also be responsible for the persistent photoconductivity effects that
have often been observed in p-type GaN [13]. The +/3+ transition of Vi is characterized
by a large lattice relaxation [4]. Such large differences in relaxation are usually indicative
of metastability, which can produce persistent photoconductivity. Here the metastability is
associated with the different position of the A; state near the valence band in the 14 and 3-+
charge states; this state is occupied with two electrons the 1+ charge state, and empty for the
3+ charge state. The 2+ charge state is always higher in energy than either 1+ or 3+, and
thus thermodynamically never stable; this is characteristic of a so-called “negative-U defect”.

Finally, we note that the appearance and disappearance of photoluminescence (PL) lines during
post-growth annealing of Mg-doped layers grown by MOCVD [17, 18] may be related to the
interactions of H with Viy. Complexes between hydrogen and nitrogen vacancies can form during
growth [12]; the calculated binding energy of the (Vi-H)?*t complex, expressed with respect to
interstitial H*, is 1.56 eV. Dissociation of this complex, producing isolated nitrogen vacancies,
may explain the behavior of PL lines during annealing for acceptor activation.

3.2 Nitrogen vacancies in AlGaN

The behavior of Vi in AIN is qualitatively very similar to GaN [19]. However, the +/3+ level
occurs at a higher position in the band gap in the case of AIN (around 1 eV, consistent with a
roughly constant position of this deep level across the GaN/AIN interface, assuming a valence-
band offset of 0.7 V). Because the formation energy decreases much faster with decreasing Er
in the 3+ charge state, iy becomes much more favorable for low Fermi-level positions in AIN.

3.8 Anion vacancies in other compounds

~ Anion vacancies in compound semiconductors tend
to behave as donors, and thus compensate p-type -
material. The negative-U character and large lat-
tice relaxation have also been observed for the As
vacancy in GaAs [20]. One may wonder why Vy
in GaN behaves as a shallow donor, while V,, in
GaAs only gives rise to deep levels. The expla-
nation lies in the significantly smaller lattice con-
stant of GaN. When an anion vacancy is formed,
four deep levels are introduced in the band gap
 which arise from the four dangling bonds on the
neighboring cations. In the neutral charge state,
three electrons need to be accommodated in these
levels (since each Ga dangling bond contributes
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+
Siga 3/4 electron). In GaAs, the Ga neighbors are far

. \ . enough apart to only weakly interact; but in GaN,

0 1 2 3 the Ga atoms are much closer together, and their
strong interaction leads to a large splitting of the

E; (V) defect levels [1]: three states (occupied with one

Figure 1: Formation energy vs. Fermi  electron) are pushed above the conduction-band
energy for important native defects and ~ minimum (giving rise to the shallow-donor charac-
impurities in GaN. The zero of Er is  ter), while the symmetric A; state, occupied with
located at the top of the valence band,  two electrons, is pushed close to the valence band.
and Ga-rich conditions are assumed.



The negative-U behavior is also observed for anion vacancies in II-VI compounds, e.g., for the
Se vacancy in ZnSe [21]. Here, however, each dangling bond on the neighboring Zn atoms only
contributes 1/2 electron, leading to a total of two electrons to be accommodated in the defect
levels; both of these are accommodated in the A; state. This picture immediately makes clear
why the oxygen vacancy in ZnO does not behave as a shallow donor, contrary to what has often
been assumed. Recent first-principles calculations [22] have indeed shown that Vo has a 2+/0
transition level deep in the band gap. Again, the 14 charge state is unstable, characteristic of
a negative-U center.

4. Cation vacancies
4.1 Gallium vacancies in GaN

Figure 1 shows that gallium vacancies (V3; ) have relatively low formation energies in highly
doped n-type material; they could therefore act as compensating centers. Yi and Wessels [23]
found evidence of compensation by a triply charged defect in Se-doped GaN.

We have proposed that gallium vacancies are responsible for the “yellow luminescence” (YL)
in GaN, a broad luminescence band centered around 2.2 eV [24]. The most direct evidence
for involvement of Ga vacancies in YL was provided by positron annihilation measurements
[25], showing that the concentration of Vg, correlates with the intensity of the YL. Here we
briefly review other evidence supporting the assignment of the YL to. Vg,; further references to
experiment can be found in Ref. [26].

- Position of the defect level. Figure 1 shows that the Ga vacancy has a deep level (the 2-/3-
transition level) about 1.1 eV above the valence band. Transitions between the conduction
band (or shallow donors) and this deep level therefore exhibit the correct energy to explain
the YL. Various experiments have linked the YL with a deep level located about 1 eV above
the valence band [27, 28]. In addition, the calculated pressure dependence of this level is also
consistent with experiment [27]. It is noteworthy that the absorption corresponding to this
defect level occurs at a significantly higher energy than the emission; in photoluminescence
excitation a broad absorption peak around 2.8 eV was observed [29].

n-type vs. p-type. The formation energy of V3. shown in Fig. 1 indicates that the defect will
mostly form in n-type material. Experiments have indeed indicated a suppression of the YL in
p-type material [30].

Complexing with donor impurities.- Figure 1 shows that the formation energy of Vga-On com-
plexes is lower than that of the isolated Vg,. We therefore expect an increase in the YL when
oxygen is present. The YL intensity indeed increases in the neighborhood of the interface with
a sapphire substrate [29], where the oxygen concentration is also known to be higher [6].

4.2 Cation vacancies in AlGaN

The formation energy of cation vacancies in AIN is lower than in GaN [19]; these vacancies
thus form an increasingly important source of compensation in Al,Ga;_,N alloys with higher
z. This compensation mechanism competes with D X-center formation [9]: oxygen becomes a
deep level (and effectively behaves as an acceptor) when z > 0.3. Whether Si forms a DX level
at high z is still controversial; if it does not, then compensation by cation vacancies will be the
dominant compensation mechanism in the absence of oxygen.

As might be expected, the 2-/3- transition level also shifts higher in the band gap in AIN [31],
in agreement with the observed “violet luminescence” [32].



4.8 Role of cation vacancies in diffusion

Phase separation in InGaN quantum wells has been a topic of intense debate. McCluskey et
al. [33] observed that Ing 27Gag.7sN quantum wells exhibited significant phase separation after
annealing at 950°C for 8 hours. A broad optical absorption peak around 2.65 eV was found
in the annealed material. This peak is reminiscent of the absorption found in Ref. [29] in
samples with strong YL, which we attributed to Ga vacancies. We interpret the peak observed
in Ref. [33] as evidence for the presence of cation vacancies, which are mediating the diffusion
process leading to phase separation.

4.4 Cation vacancies in II-VI compounds

Metal vacancies and their complexes with donor impurities (the so called SA (self-activated)
centers) are well known in II-VI compounds (e.g., ZnS, ZnSe); similar to cation vacancies in
III-nitrides, they act as compensating centers in n-type material. These defects also exhibit
features which are strikingly similar to the YL: recombination between a shallow donor-like
state and a deep acceptor state, and a broad luminescence band of Gaussian shape [34, 35].

Our calculations for ZnO [22] show that Vz, behaves as an acceptor with a 1-/2- level occurring
around 0.8 eV above the valence band. Transitions from electrons in the conduction band to
the Vz, level may therefore be responsible for the “’green luminescence” which is frequently
observed in ZnQ, and is centered between 2.4 and 2.5 eV [36].
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