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Electron-irradiation increase of nonequilibrium carrier lifetime was studied as a function of hole
concentration in Mg-doped GaN. Temperature-dependent cathodoluminescence (CL) studies
yielded activation energies of 344, 326, 237, and 197 meV for samples with hole concentrations
of 2X10'%, 9 10'6, 3 10'8, and 7 X 10'® cm™, respectively. The systematic decay of activation
energy with carrier concentration was found to be consistent with Mg acceptors, indicating the
involvement of the latter levels in irradiation-induced lifetime changes. © 2007 American Institute

of Physics. [DOL: 10.1063/1.2733620]

Over the past several years, the effects of irradiation by
the low energy electron beam on the minority carrier
diffusion length and lifetime have been investigated in wide
band gap semiconductors, particularly in ZnO and GaN.
Electron beam induced current (EBIC) and cathodolumines-
cence (CL) measurements have demonstrated that the
diffusion length (L) and lifetime of nonequilibrium minority
carriers (7) in p-type GaN and ZnO can be significantly in-
creased by the exposure to the beam of a scanning electron
microscope.]’2 In all cases, activation energy for the electron
injection effects was shown to be consistent with the activa-
tion energies of the dominant acceptor species, indicating the
involvement of acceptor levels in the electron-irradiation-
induced phenomena. Since acceptors in GaN, as well as in
ZnO, tend to be relatively deep (at least several hundred
meV above the valence band maximum), only a small frac-
tion of the acceptor atoms is ionized at or near the room
temperature. For Mg acceptor level which has thermal acti-
vation energy of about 200 meV in GaN, ionized atoms con-
stitute about 1% of total concentration.” It has been proposed
that under electron irradiation, the abundant neutral (nonion-
ized) Mg atoms act as electron traps, suppressing the recom-
bination of nonequilibrium carriers that normally proceeds
through these levels. This leads to an increase in the lifetime
of nonequilibrium electrons in the conduction band, and
hence, to greater minority carrier diffusion length in p-type
semiconductors.”

In order to provide further evidence of the involvement
of Mg acceptor levels in the electron-irradiation effects, the
present work focuses on determining the activation energy of
electron-irradiation effect on nonequilibrium carrier lifetime
as a function of acceptor concentration. The activation en-
ergy was determined by performing variable-temperature
cathodoluminescence measurements under continuous irra-
diation by the beam of the scanning electron microscope
(SEM).
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Experiments were conducted on four 3-5 um thick
commercially available GaN epitaxial films (TDI, Inc.)
doped with different concentrations of magnesium. The net
hole concentrations were determined by Hall effect measure-
ments and are shown in Table I. CL measurements were
conducted in situ in the Philips XL30 SEM integrated with
Gatan MonoCL cathodoluminescence system. An accelerat-
ing voltage of 20 kV was used. The decay of near-band-edge
(NBE) luminescence intensity was monitored as a function
of duration of irradiation by the electron beam. The SEM is
also fitted with a hot stage and an external temperature con-
troller (Gatan) allowing for temperature-dependent experi-
ments. The rates of NBE intensity decay were measured at
different temperatures ranging from 25 to 125 °C. Note that
at each temperature, the measurements were performed on a
previously unexposed location.

The irradiation-induced decay of NBE luminescence in-
tensity is demonstrated in Fig. 1 using sample 1 as an ex-
ample (see Table I). The room-temperature spectra shown
correspond to about 0, 1600, 2500, and 4000 s of continuous
irradiation by the SEM beam. Since luminescence intensity /
is inversely proportional to 7, the systematic decay of inten-
sity indicates that irradiation by the electron beam increases
the lifetime of nonequilibrium electronic carriers. The carrier
diffusion length is proportional to the square root of lifetime
[L=(D7)"?], where D is diffusivity; the diffusion length, in
turn, had been shown by EBIC measurements to be directly
proportional to the duration of irradiation (1).? Therefore,
lifetime can be expected to increase quadratically with #, as is

TABLE I. Room-temperature hole concentrations and activation energies
(E,) for the electron-irradiation-induced lifetime increase in GaN:Mg

Hole concentration E,
Sample No. (ecm™) (meV)
1 2Xx10'° 344+43
2 9101 326+48
3 3x10'8 237+20
4 7% 108 197+7

© 2007 American Institute of Physics
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FIG. 1. Room-temperature cathodoluminescence spectra of sample 1 under
continuous irradiation by the SEM beam. Spectra 1-4 correspond to 0, 1611,
2529, and 4039 s of irradiation, respectively. Inset: Variable-temperature
dependence of inverse square root of intensity on duration of electron irra-
diation and the linear fits (solid lines) with the rate R. Intensity values were
normalized with respect to their initial values at each temperature; the data
sets were vertically offset for clarity.

demonstrated experimentally by the decay of intensity of the
NBE luminescence. The inset of Fig. 1 shows that there ex-
ists a linear dependence between (1/1)2, which is propor-
tional to the lifetime of the nonequilibrium carriers in the
band, and the duration of irradiation. In this and subsequent
figures, intensity was normalized with respect to its initial
value.

The results of CL measurements performed on sample 1
at elevated temperatures are also shown in the inset of Fig. 1.
The progressively lower rates of intensity decay indicate that
a concurrent, thermally activated process opposes the
irradiation-induced lifetime increase. In the scheme of the
mechanism suggested above, this process most likely con-
sists of the transition of the electron from the Mg trap to the
valence band. Thermal activation of this process indicates
that there exists an energy barrier that must be overcome
before the latter transition can take place. As the temperature
increases, these transitions occur more frequently, reestab-
lishing the original recombination pathway and resulting in
the slower rate of lifetime increase.

The relationship between the rate (R) and temperature
(7T) of the sample allows to estimate the activation energy of
the irradiation-induced intensity decay:5

E
R=R0exp<ﬁ> (1)
In Eq. (1), Ry is a scaling constant, E, is the activation en-
ergy, and k is Boltzmann’s constant. The activation energies
for all four samples were extracted from the plots shown in
Fig. 2. For sample 1, the activation energy of 344+43 meV
was obtained. While this value is considerably higher than
the frequently quoted thermal activation energy of Mg accep-
tor (~200 meV), it is not in contradiction to the values of the
optical ionization energy of Mg in GaN. Several photolumi-
nescence studies, particularly those conducted in earlier
years, when Mg doping yielded only moderate hole concen-
trations, resulted in the ionization energies on the order of

Appl. Phys. Lett. 90, 172111 (2007)
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FIG. 2. Arrhenius plots of R as a function of sample temperature for
samples 1-4 [plots (a)—(d), respectively]. The linear fit with Eq. (1) (solid
lines) yielded activation energies shown in each plot.

300 meV.*" Note that the values of optical ionization ener-
gies (i.e., those obtained under nonequilibrium conditions,
such as photo- and cathodoluminescence experiments) have
been shown to differ significantly from thermal activation
energies (for instance, those derived from Hall measure-
ments), implying the existence of significant relaxation en-
ergy of Mg dopants.6’8

Further evidence of Mg involvement in irradiation-
induced lifetime increase can be derived from the depen-
dence of E, on carrier concentration, p, which is related to
Mg doping levels. The activation energy of electron-
irradiation effect was shown to decrease systematically with
increasing hole concentration (see Table I). Incidentally, the
relationship between acceptor activation energies and hole
concentration is well known and has been explored in GaN
and other semiconductors.”'® It has been attributed to a num-
ber of causes, not necessarily mutually exclusive, including
the formation of the band-tail states that extend into the for-
bidden gap, the broadening of the acceptor band in the gap,
and the reduction of binding energy due to Coulomb interac-
tion between the holes in the valence band and the ionized
acceptor states.'' The decrease of activation energy is often
described by the following equation:

E4(N,) = E4(0) - a(N) 7, (2)

where N, is the concentration of ionized acceptors, E4(0) is
the ionization energy at very low doping levels, and « is a
constant accounting for geometrical factors as well as for the
properties of the material and, according to theoretical calcu-
lations, has the following form:

2
e

where I'(x) is the gamma function of argument x, g is the
elementarg charge, and ¢ is the dielectric constant, taken to
be 9.5g,."

The fit of experimentally obtained activation energies
with Eq. (2) is shown in Fig. 3. The values of N, were
derived under the assumption that N,—N;,=p, where Ny, is
the density of ionized shallow donors and based on the

manufacturer’s specification is approximately 1 X 107 cm™.
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FIG. 3. Decrease of activation energy of electron-irradiation effect as a
function of ionized acceptor concentration and the linear fit (solid line) with
Eq. (2).

From the fit in Fig. 3, @=9.74 X 1078 eV cm, which is com-
parable to the results of the calculation using Eq. (3) (3.32
X 1078 eV cm). Note that it is also within the order of mag-
nitude of the value reported for acceptor activation energy in
p-ZnO.12

In summary, the activation energy for the electron-
irradiation-induced lifetime increase was studied as a func-
tion of net hole concentration using variable-temperature
cathodoluminescence measurements. Since £, was shown to
decay in a manner consistent with that for Mg acceptor ac-
tivation, we conclude that the electron-irradiation phenom-
ena involve Mg acceptors, likely through electron trapping
on nonionized levels.
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